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El cilio primario es una extensión de membrana altamente conservada que protruye de la 
superficie apical de la mayoría de las células eucariotas. Su estructura consiste en una 
membrana ciliar que rodea un armazón de microtúbulos, el axonema, que deriva del centriolo 
más maduro. Aunque su función ha permanecido desconocida durante mucho tiempo, 
actualmente se sabe que el cilio primario actúa como un biosensor regulando múltiples rutas 
de señalización y la homeostasis de los tejidos. Durante los últimos años la relevancia clínica 
y fisiológica del cilio primario se ha hecho evidente debido a que los defectos en su estructura 
o su disfunción tienen como consecuencia el desarrollo de un grupo de enfermedades 
genéticas que se agrupan colectivamente con el nombre de ciliopatías. Entre estas 
enfermedades destacan la poliquistosis renal, la ceguera, la sordera, la obesidad, y los defectos 
en el desarrollo embrionario. A pesar de que el riñón es el órgano más frecuentemente 
afectado por las ciliopatías, la biogénesis del cilio primario se ha estudiado mayoritariamente 
en tipos celulares no polarizados. Hace casi 50 años se propuso que en los epitelios 
polarizados, como los de los túbulos renales, el proceso de ciliogénesis tiene lugar 
exclusivamente en la membrana plasmática, mientras que por el contrario, los fibroblastos 
ensamblan el cilio de manera intracelular. Utilizado el modelo de células epiteliales 
polarizadas MDCK, he investigado el desconocido proceso de biogénesis del cilio primario 
en células epiteliales polarizadas. He observado que el cuerpo medio, una estructura basada 
en microtúbulos localizada en la parte central del puente intercelular formado entre las dos 
células hijas durante las etapas finales de la división celular, es heredado por una de las dos 
células en forma de remanente, el cual se posiciona en la periferia de la membrana apical 
acumulando maquinaria relevante para la ciliogénesis. Posteriormente, este remanente se 
mueve sobre la membrana apical reuniéndose con el centrosoma. Una vez que se han juntado 
estos dos orgánulos, el remanente posibilita la formación del cilio primario. Estos hallazgos 
revelan un mecanismo biológico que conecta funcionalmente el cuerpo medio con el 
centrosoma y el cilio primario, los otros dos orgánulos celulares basados en microtúbulos. 
Además, he investigado el papel de la proteína MAL, un componente de la maquinaria 
general de transporte apical, en el proceso de ciliogénesis. Los resultados obtenidos indican 
que MAL es necesaria para la correcta condensación de las membranas en la base del cilio, 
lo que a su vez, es crucial para la elongación eficiente del citado orgánulo. En resumen, este 
trabajo establece una nueva ruta de ciliogénesis primaria en células epiteliales renales y 
confiere importancia a las membranas situadas en la base del cilio primario.  
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The primary cilium is a highly conserved membrane extension protruding from the cell 
surface of most mammalian cells. It consists of a ciliary membrane that surrounds a 
microtubule-based structure termed the axoneme, which is nucleated from the older of the 
two centrioles. Although its function has been an enigma for a long time, nowadays it is 
known to act as a biosensor regulating multiple signaling pathways during development and 
tissue homeostasis. The physiological and clinical relevance of cilia is evident, since defects 
in primary cilium function cause a wide spectrum of genetic diseases collectively grouped 
under the term of ciliopathies. Among the disorders produced by primary cilium dysfunction 
are cystic kidney disease, blindness, deafness, obesity, and developmental and skeletal 
abnormalities. The kidney is the organ most frequently affected in ciliopathies. However, 
despite its importance in the kidney, primary cilium biogenesis has mainly been studied in 
non-polarized cells. Almost 50 years ago, it was proposed that the process of primary 
ciliogenesis in polarized epithelia, such as that in kidney tubules, takes place entirely at the 
plasma membrane, in contrast to fibroblasts that assemble the cilium intracellularly. Using 
the renal epithelial MDCK cell line, I have investigated the unexplored process of primary 
cilium biogenesis in polarized epithelial cells. I observed that the midbody, which is a 
microtubule-based structure that occupies the central part of the intercellular bridge 
connecting the two sister cells during the final stages of cell division, is inherited by one of 
the cells as a remnant that localizes at the periphery of the apical membrane, and that 
accumulates important machinery for cilium biogenesis. The remnant then moves along the 
apical plasma membrane to a central position to encounter the centrosome. Once the two 
organelles have met, the remnant enables the centrosome for primary cilium formation. 
These findings reveal a biological mechanism that functionally links the midbody with the 
centrosome and the primary cilium, which are the other two main microtubule-based 
organelles. I have also investigated the role of MAL, a component of the machinery of apical 
transport, in primary cilium assembly. The results indicate that MAL is required for correct 
membrane condensation at the ciliary base, which, in turn, is essential for efficient primary 
cilium elongation. In summary, the work presented establishes a novel pathway of primary 
ciliogenesis in renal polarized epithelial cells and establishes the importance of the 
condensation of the membranes at the ciliary base. 
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aPKC: atypical Protein Kinase C 
BBSome: Bardet–Biedl Syndrome 
Cdc42: Cell division control 42 protein 
Crb (Crb3a): Crumbs protein 
EHD: Eps15 Homology Domain proteins 
EM: Electron Microscopy 
ESCRT: Endosomal Sorting Complexes Required for Transport  
FAPP2: Phosphatidylinositol-4-phosphate adaptor protein-2 
GAP: GTPase Activating Protein 
GEF: Guanine nucleotide Exchange Factor 
GFP: Green Fluorescent Protein 
GP: Generalized Polarization 
GPCR: G Protein-Coupled Receptor 
GPI: Glycophosphatidylinositol 
GTP: Guanine nucleotide triphosphate 
GTPases: Guanine nucleotide triphosphatase 
HA: Hemagglutinin protein from influenza virus 
Hh: Hedgehog 
IFT: Intraflagellar Transport complex 
IMCD3: Inner Medullary Collecting Duct 3 cells 
Inpp5e: Inositol polyphosphate-5-phosphatase E 
JBTS: Joubert syndromes  
KD: Knock-Down 
MAL: Myeloid and Lymphocyte protein 
Mark4: Microtubule affinity regulating kinase 4  
MDCK: Madin-Darby Canine Kidney cells 
MEF: Mouse Embryonic Fibroblast 
MKS: Meckel syndrome 
MKLP1: Mitotic Kinesin-like Protein 1 
NPHP: nephronophthisis  
Odf2: Outer dense fiber protein 2  
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PDGF: Platelet-derived growth factor  
PDZ: post synaptic density protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), 
and zonula occludens-1 protein (zo-1) 
PIPKIγ: Iγ Phosphatidylinositol 4-phosphate 5-kinase 
PIPs: phosphoinositides  
PLP: Myelin proteolipid protein 
PRC1: Protein Required for Cytokinesis 1 
PtdIns: Phosphatidylinositol  
RPE1: Retinal Pigment Epithelial cells 
Smo: Smoothend 
SNARE: Soluble N-ethylmaleimide sensitive factor attachment protein receptor 
Ttbk2: Tau tubulin kinase-2  
TUSP: Take-Up by Suction Pressure 
ZO-1: Zonula Occludens-1 
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1. Types and general functions of cilia 
Cilia are highly conserved microtubule-based membrane extensions that protrude from 
the cell surface of most eukaryotic cells (Goetz and Anderson, 2010; Ishikawa and Marshall, 
2011; Satir and Christensen, 2007). They are organized around a central microtubular 
scaffold, termed the axoneme, which derives from the centrosome and is surrounded by the 
ciliary membrane. Cilia are classified as 9+2 and 9+0, according to the number of 
microtubules associated with the axoneme. The numbers indicate the number of peripheral 
doublets (nine) and the presence (two) or absence (zero) of central microtubule singlets. In 
the case of 9+2 cilia, protein complexes known as radial spokes connect the central pair and 
the outer doublets. Mammalian cilia have also customarily been divided into two categories: 
motile and non-motile cilia. Motile cilia contain outer and inner arms formed by the motor 
protein dynein in each microtubule doublet. 9+2 cilia are usually called flagella when they are 
motile and long (<10 m). Nonmotile cilia lack dynein arms and can adopt the 9+2 or 9+0 
configuration (Fig. 1a). 
Cilia whose function is to move mucus or other fluids (Fig. 1b), such as multiciliated cells 
of conducting airways, ependymal cells and the fallopian tubes (Brooks and Wallingford, 
2014), and those involved in cell motility, such as the single flagellum of spermatozoa and 
trypanosomes (Lindemann and Lesich, 2016; Oberholzer et al., 2007) or the two flagella of 
the green algae Chlamydomonas, contain motile 9+2 cilia with dynein arms (Rosenbaum and 
Witman, 2002). Nonmotile 9+2 cilia without dynein arms are found in some sensory cells 
(Fig. 1b), such as mammalian olfactory neurons, which have 10-30 cilia, and the hair cells of 
the inner ear whose cilia, known as kinocilia, are involved in mechanotransduction (Falk et 
al., 2015; Jenkins et al., 2009). 9+2 cilia vary in length ranging from 3 to 10 m in multiciliated 
cells, from 50 to 150 m for sperm flagella and to 200 m in the case of olfactory cilia. 
Cells in the ventral node, which is an embryonic cavity at the midline filled with extra-
embryonic fluid, contain a single motile cilium, referred to as the nodal cilium, which has a 
9+0 pattern and contains dynein arms (Fig. 1a, b). Nodal cilia rotate to generate 
unidirectional leftward fluid flow, which is essential for breaking the left-right symmetry of 
internal organs in vertebrates during embryogenesis (Shinohara et al., 2015; Yoshiba and 
Hamada, 2014). 
Cells of almost all mammalian tissues have a single copy of a non-motile cilium, referred 
to as the primary cilium, which has a 9+0 structure and no dynein arms (Fig. 1a, b). The 
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primary cilium typically attains a length of 3-10 m and is found in quiescent and 
differentiated cells (Wheatley et al., 1996).  
 
Figure 1. Types of cilium. a) Schematic of distinct types of cilium as seen in cross-section. b) 
Examples of cell types harboring each type of cilium. c) Examples of disorders associated with the 
dysfunction of the distinct types of cilium.  
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2. Primary cilium function 
The role of the primary cilium is well known in photoreceptor cells, in which the cilium 
adopts a specialized structure that concentrates visual pigments for photon absorption 
(Pearring et al., 2013). Although the primary cilium was first described more than a century 
ago (Zimmerman, 1898), its function in all other cells has been an enigma for a long time. 
Nowadays, in addition to photosensors, a fundamental role has been established for primary 
cilia as mechanosensors and biochemical sensors (Ishikawa and Marshall, 2011; Malicki and 
Johnson, 2017; Zimmerman and Yoder, 2015). 
Mechanosensation refers to the physical sensation of flow, pressure, touch or vibration. 
Much of our understanding of the mechanosensory functions associated with cilia derives 
from studies of renal epithelial cells, in which the force of luminal fluid flow is sensed by 
primary cilia (Ishikawa and Marshall, 2014). The primary cilia of renal epithelial Madin-Darby 
canine kidney (MDCK) cells become deflected through a combination of bending and 
pivoting (Battle et al., 2015). Primary cilia perform cell-directed active centrosome and cilia 
movements that seem to be mediated by internal activity in the cell and involve fluctuations 
in the actin–myosin network that act above the pivot point. Ciliary bending and pivoting can 
both trigger membrane channels, and are able to induce Ca2+ influx through the action of 
polycystin-2 (Battle et al., 2015). Polycystin-2 is a transient receptor potential family Ca2+ 
channel that associates with polycystin-1 at the ciliary membrane. Mutations of polycystin-1 
and polycystin-2 both cause autosomal dominant polycystic kidney disease (Zhou, 2009). It 
has been reported that, upon shear stress, cilia import extracellular Ca2+, raising their ciliary 
concentration (DeCaen et al., 2013; Delling et al., 2013; Praetorius et al., 2003; Praetorius 
and Spring, 2001). Increased Ca2+ ciliary levels have been proposed to act as a second 
messenger to regulate multiple downstream processes in primary cilia (Delling et al., 2013; 
Doerner et al., 2015; Praetorius, 2015; Takao et al., 2013; Zimmerman and Yoder, 2015). 
However, although the role of Ca2+ in mechanotransduction had been generally accepted, it 
has recently been challenged on the grounds that cilia-specific Ca2+ influxes have not been 
observed in physiological or even highly supraphysiological levels of fluid flow in primary 
cilia of cultured kidney epithelial cells, the thick limb of the ascending kidney tubule, crown 
cells of the embryonic node, hair cells, and several cell lines (Delling et al., 2016). Therefore, 
the induction of Ca2+ flow as the mechanism of primary cilia in transducing 
mechanosensation is being reexamined (Hofherr and Kottgen, 2016). 
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Primary cilia act as biochemical sensors when they respond to hormones or other soluble 
factors capable of triggering a number of signaling cascades. Primary cilia transduce 
environmental stimuli through surface receptors specifically localized on the ciliary 
membrane, and regulate signaling pathways important for development, cell proliferation, 
differentiation, survival and migration (Ishikawa and Marshall, 2011; Malicki and Johnson, 
2017; Zimmerman and Yoder, 2015). Hedgehog (Hh) proteins regulate the development of 
a wide range of metazoan embryonic and adult structures, and disruption of Hh signaling 
pathways results in human disease (Briscoe and Therond, 2013; Robbins et al., 2012). 
Platelet-derived growth factor (PDGF)- signaling, which controls cell migration, 
proliferation and survival, also occurs in the primary cilia since its receptor localizes to 
primary cilia in fibroblasts, where PDFG- activates it and triggers the activation of 
downstream signaling machinery (Schneider et al., 2005). Besides, the primary cilium plays 
important roles in regulating other signaling pathways such as canonical and non-canonical 
Wnt pathways (May-Simera and Kelley, 2012; Wallingford and Mitchell, 2011) and Hippo 
pathway (Aguilar et al., 2014; Habbig et al., 2011), both being master regulators of 
developmental and morphogenetic processes (Wilcockson et al., 2016; Zhao et al., 2010). In 
addition, G protein-coupled receptors (GPCRs) of hormones, peptides, lipids and 
neurotransmitters, including for instance those of dopamine, serotonin, neuropeptide Y and 
somatostatin, reside in primary cilia and use cilia for signaling (Hilgendorf et al., 2016; Schou 
et al., 2015). 
2.1 Ciliopathies 
Given the importance of cilia, it is not surprising that ciliary dysfunction by mutation in 
cilia-related genes causes a great variety of disorders in humans (Fig. 1c). If the mutated gene 
affects motile 9+2 cilia the disorders caused are related to mucociliary clearance (bronchitis, 
rhinosinusitis), hydrocephalus and infertility; defective functioning of nodal cilia causes 
heterotaxia (the abnormal arrangement of internal organs in the chest and/or abdomen). 
Dysfunction of nonmotile cilia produces defects in signaling that result in a large variety of 
symptoms (renal and liver cysts, blindness, cognitive impairment, deafness, anosmia, 
polydactyly, skeletal abnormalities, obesity, etc.). Depending on the gene(s) affected, these 
alterations combine to produce numerous heterogeneous human developmental and 
degenerative genetic diseases, collectively known as ciliopathies that affect nearly every major 
body organ (Fliegauf et al., 2007; Hildebrandt et al., 2011; Novarino et al., 2011). Ciliopathies 
are characterized by overlapping phenotypes that may include multiple symptoms caused by 
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the dysfunction of motile and/or primary cilia. For instance, primary cilia dyskinesia and 
Kartagener syndrome are caused by defective motile cilia (Zariwala et al., 2007), whereas in 
other ciliopathies, such as nephronophthisis (NPHP), Meckel (MKS) and Joubert syndromes 
(JBTS), only primary cilia function tends to be affected (Tobin and Beales, 2009). Largely 
due to their medical relevance, there has been an immense increase in research in recent 
times aimed at better understanding the structure, mechanisms of assembly, maintenance 
and function of primary cilia. 
3. Structure of primary cilia 
The general structure of cilia is evolutionarily conserved, despite the obvious difference 
between the distinct types of axoneme (Mitchell, 2017). In contrast to specialized cilia such 
as those in photoreceptor cells, the primary cilium of epithelial cells, fibroblasts, muscle cells, 
neurons, etc., adopts a similar morphology and size (Fig. 2) (Mizuno et al., 2012; Satir and 
Christensen, 2007). 
Primary cilia have a basal body, which consists of the older of the two centrioles, also 
known as the mother centriole in the centrosome, and the associated accessory structures 
(Garcia and Reiter, 2016; Vertii et al., 2016a). These accessory structures include transition 
fibers, basal feet and ciliary rootlets (Garcia and Reiter, 2016; Vertii et al., 2016a; Vertii et al., 
2016b). Transition fibers and basal feet are ultrastructurally similar to the distal and subdistal 
appendages, respectively, of the mother centriole. Transition fibers emerge from the central 
microtubule of each triplet of the basal body, and are involved in docking the basal body to 
the plasma membrane (Wei et al., 2015). Basal bodies have up to nine subdistal appendages, 
but only one or two basal feet. The basal feet further differ from the subdistal appendages 
in that they are larger and more electron-dense (Bornens, 2002). The outer dense fiber 
protein 2 (Odf2)/Cenexin, a component of the distal and subdistal appendages, is essential 
for the formation of transition fibers and basal feet (Tateishi et al., 2013). The rootlet is a 
thick (80–100 nm) striated bundle of filaments made of the protein rootletin (Yang et al., 
2002). Basal feet, which anchor microtubules, and striated rootlets, which project from the 
proximal end of the basal body and extend close to the nucleus, provide structural support 
to the cilium. 
Beyond the basal body is the transition zone, which is an intermediate region between 
the basal body and the axoneme (Benzing and Schermer, 2011; Szymanska and Johnson, 
2012). The transition zone is distinguished by the shift from triplet microtubules in the basal 
body to axonemal doublets, and by the presence of characteristic scallop-like structures at 
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the ciliary surface, and of inner structures, known as Y-links, that appear Y-shaped under 
electron microscopy (EM) and connect the outer doublet microtubules to the overlying 
ciliary membrane (Garcia-Gonzalo and Reiter, 2012, 2017; Reiter et al., 2012). The transition 
zone houses a network of two biochemically distinct protein complexes involved in 
ciliopathies. One of the modules spans the membrane and contains many of the proteins 
(Tctn1-3, MKS1, B9d1, B9d2, Cep290, Ahi and the transmembrane proteins Tmem67, 
Tmem216, Tmem17, Tmem231, Tmem107, etc.) involved in MKS and JBTS. The second 
module, called the NPHP module, includes three proteins (Nphp1, Nphp4 and Rpgrip1l) 
encoded by genes mutated in NPHP, and is proximal to the axoneme. The collaboration of 
the two modules explains the overlapping phenotypes seen in MKS, JBTS and NPHP, in 
which proteins belonging to these modules are involved (Li et al., 2016; Yee et al., 2015). 
Following the transition zone, the axoneme of primary cilia is constructed from the 
elongation of the nine parallel doublet microtubules formed at the transition zone (Jana et 
al., 2014; Li et al., 2012). As the axoneme becomes longer it loses microtubules and the 
doublets transform into singlets. Singlets are also lost gradually in such a way that the tip of 
the cilium often contains only a few of them. The axoneme is subject to numerous post-
translational modifications, including acetylation, detyrosination, glutamylation and 
glycylation, which are related to microtubule structure, flexibility and function (Portran et al., 
2017; Wloga et al., 2016). 
Ciliary growth is regulated at the tip by the receipt of tubulin and other axonemal 
precursors that elongate the axoneme and by their removal during axoneme disassembly. 
Defined structures at the tip were reported for the 9+2 flagella of Chlamydomonas and of other 
organisms (Dentler, 1980; Dentler and Rosenbaum, 1977; Portman et al., 1987; Satir, 1968). 
These structures cap the central singlet microtubules at their tip and are involved in cargo 
loading and unloading, and signal transduction (Sloboda, 2005). However, such well-defined 
structures have not been detected in primary cilia of mammalian cells. Not only is the tip of 
primary cilia the place where ciliary growth is regulated, as in 9+2 cilia, but also it is involved 
in cell signaling. Kif7, a kinesin-4 family protein that is a conserved regulator of the Hh 
signaling pathway and a human ciliopathy protein, binds to the distal end of axonemal 
microtubules and organizes a specialized compartment where the activity of the Gli family 
of Hh transcription factors is regulated (Gorojankina, 2016; He et al., 2014; Pusapati and 
Rohatgi, 2014). Recent evidence from Chlamydomonas flagella and Caenorhabditis elegans and 
mammalian primary cilia showed that ciliary signaling is also regulated at the ciliary tip by 
shedding receptors and other material in the form of extracellular vesicles (Cao et al., 2015; 
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Nager et al., 2017; Phua et al., 2017; Wang et al., 2014; Wood et al., 2013; Wood and 
Rosenbaum, 2015). Cilia typically begin to form during the G0 phase of the cell cycle and 
begin to disassemble as cells re-enter the cell cycle to free the centrosome (Kim and Tsiokas, 
2011; Kobayashi and Dynlacht, 2011). While cilia disassembly has for some time been 
considered to occur solely through resorption (Liang et al., 2016), release of extracellular 
vesicles also helps to regulate ciliary disassembly and size (Nager et al., 2017; Phua et al., 
2017; Wood and Rosenbaum, 2015). In conclusion, although the nature of the tip of primary 
cilia is not well understood, it appears to act as a hub that coordinates many important ciliary 
functions.
 
Figure 2. General structure of the primary cilium. The basal body is attached to the ciliary 
membrane by the transition fibers. The axoneme constitutes the backbone of the cilium and is 
surrounded by the ciliary membrane, which is continuous with the plasma membrane. IFT is carried 
out by the IFT-A and -B complexes powered by dynein-2 and kinesin-2 motors, respectively, and 
with the participation of the BBSome complex. 
 
4.  Protein machinery for ciliary growth, targeting and transport 
Cilia require general machinery for the processes of licensing the centrosome to initiate 
cilium formation, and protein transport along the ciliary membrane. These general tasks are 
performed by the regulators of the centriolar protein Cp110 and by intraflagellar transport 
(IFT) machinery, respectively. The BBsome complex is also responsible for the traffic of 
certain receptors at the primary cilium. Rab-family proteins control membrane trafficking 
during primary cilium initiation and the targeting of cargo to the ciliary base once the cilium 
has formed.  
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4.1 The protein CP110 and its regulators 
Well known negative regulators of ciliogenesis, such as centriolar protein Cp110 and its 
network of interacting partners, have been studied in the human bone osteosarcoma U2OS 
cell line, as well as in NIH-3T3 fibroblasts and retinal pigment epithelial (RPE)-1 cells 
(Spektor et al., 2007; Tsang et al., 2008; Tsang and Dynlacht, 2013). Cp110 localizes at the 
mother and the daughter centrioles, blocking primary cilium formation. It interacts with 
Cep97 and Cep290, and these interactions are essential for suppressing primary cilium 
formation (Spektor et al., 2007; Tsang et al., 2008). Cp110 removal requires the activity of 
positive ciliary regulators, such as Tau tubulin kinase-2 (Ttbk2), whose knockout inhibits 
Cp110 removal from the basal bodies in mouse embryonic fibroblasts (MEFs) (Goetz et al., 
2012). Cep164, which is present in transition fibers, is essential for ciliogenesis and for 
recruiting Ttbk2 to the basal body (Cajanek and Nigg, 2014). Microtubule affinity regulating 
kinase 4 (Mark4) is also required for Cp110 removal and accumulates at the basal body as 
Cp110 is displaced (Kuhns et al., 2013). These findings indicate that disappearance of Cp110 
from the mother centriole is crucial for initiating primary cilium biogenesis. Cp110 removal 
seems universally required for initiating the ciliation process since cells that normally do not 
form a primary cilium, such as T lymphocytes, assemble one when Cp110 expression is 
knocked down (Prosser and Morrison, 2015). 
4.2 Intraflagellar transport (IFT) machinery.  
Soluble and membrane proteins are transported along the primary cilium by the IFT 
machinery (Bhogaraju et al., 2013; Rosenbaum and Witman, 2002; Taschner and Lorentzen, 
2016). IFT is highly conserved and is required for the assembly of cilia. It is formed of two 
multisubunit complexes: IFT-A and IFT-B, comprising 6 and 16 subunits, respectively (Fig. 
2). Mutations in IFT proteins can cause several ciliopathies (Braun and Hildebrandt, 2017). 
Whereas IFT-B mediates anterograde movement (from the cell body to the cilium) of ciliary 
proteins, IFT-A directs retrograde transport (from the cilium to the cell body) and 
anterograde transport of certain proteins such as Arl13b and Smo. The IFT-B complex 
transports cargo to the ciliary tip with the participation of kinesin-2 motors, whereas turnover 
products or signaling components destined for internalization are returned to the cell body 
via the IFT-A complex propelled by cytoplasmic dynein-2 (Taschner and Lorentzen, 2016). 
The switch of the machinery for anterograde and retrograde IFT and their respective motors 
takes place at the ciliary tip. In Chlamydomonas, it has been demonstrated that each 
microtubule doublet is used as a bidirectional double-track railway in such a way that 
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anterograde IFT trains move along B-microtubules, and retrograde trains move along A-
microtubules (Stepanek and Pigino, 2016). Thus, the microtubule doublet geometry provides 
direction-specific rails to coordinate the bidirectional transport of ciliary components. 
4.3 The BBSome 
Bardet–Biedl syndrome (BBS) is a compound phenotype disorder exhibiting cystic 
kidneys, obesity, mental retardation, hypogonadism, heterotaxia, polydactyly and retinal 
degeneration (Hernandez-Hernandez and Henkins, 2015; Sheffield, 2010). The BBSome is a 
multimeric protein complex composed of seven highly conserved BBS proteins (BBS1, 
BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9) and BBIP10, each of which is present in 
stoichiometric amounts (Jin and Nachury, 2009). In humans, defects in the BBSome result 
in BBS (Sheffield, 2010). Live analysis of cargo transport in olfactory sensory neurons 
revealed that the BBSome complex moves in association with IFT trains and cargo through 
cilia, suggesting that the BBsome acts as a cargo adaptor between membrane cargoes and the 
IFT machinery (Nachury et al., 2007). 
The BBSome was initially implicated in GPCR delivery to cilia (Berbari et al., 2008; Jin et 
al., 2010; Loktev and Jackson, 2013). However, it is now known to be important in retrograde 
trafficking. The BBsome regulates the removal of GPCRs (Domire et al., 2011; Eguether et 
al., 2014; Liew et al., 2014), polycystin-2 (Xu et al., 2015), and membrane-associated proteins 
from cilia (Lechtreck et al., 2009; Lechtreck et al., 2013). The conflict resulting from the role 
of the BBsome in anterograde transport is explained by the observation that when membrane 
receptors fail to undergo BBSome-mediated retrieval from the cilium back into the cell, they 
are removed by ectocytosis giving the impression that their sorting to the cilium is defective 
(Nager et al., 2017). 
4.4 Small Rab GTPases  
In a screening of 39 human GTPase-activating proteins, GAPs for Rab8a, Rab17 and 
Rab23 were identified as necessary for primary cilium formation in RPE-1 cells (Yoshimura 
et al., 2007). Rab8a was the only one of the three GTPases in that study found to localize to 
the cilium. Rab8a is recruited to the centrosome by a direct interaction with Odf2/Cenexin 
and is required for primary ciliogenesis (Westlake et al., 2011; Yoshimura et al., 2007). 
Although they were not identified in the original screening, Rab11 and Rab10 have also been 
implicated in this process (Babbey et al., 2010; Knodler et al., 2010; Westlake et al., 2011). 
Two centrosome appendage proteins, centriolin and Odf2/Cenexin, regulate the association 
of Rab11 vesicles with the distal part of the mother centriole (Hehnly et al., 2012). The GTP-
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bound form of Rab11 interacts directly with its downstream effector Rabin8 to target it to 
the centriole and stimulates its guanine nucleotide exchange factor (GEF) activity toward 
Rab8 in RPE-1 cells (Knodler et al., 2010). Rabin8, in turn, interacts with the membrane-
tethering transport protein particle II complex, which is a GEF for Rab11 (Thomas and 
Fromme, 2016). It has been proposed that, similar to the Rab5-Rab7 switch (Rink et al., 
2005), Rab11 vesicles are converted into a Rab8 preciliary vesicle with the participation of 
Rabin8 and transport protein particle II complex (Westlake et al., 2011). Knockdown (KD) 
of Rab11, Rabin8 or Rab8 inhibits ciliogenesis, highlighting the importance of this signaling 
cascade (Knodler et al., 2010; Westlake et al., 2011). Despite evidence supporting a crucial 
role for Rab8 in primary cilium formation in cultured cells, the absence of its two isoforms, 
Rab8a and Rab8b, in Rab8a and Rab8b double-knockout mice does not disturb ciliogenesis 
of olfactory epithelium, photoreceptors and MEFs (Sato et al., 2014). However, the 
additional KD of Rab10, but not of Rab13, in MEFs from these mice greatly reduces the 
percentage of ciliated cells (Sato et al., 2014). This finding suggests that the Rab8a, Rab8b 
and Rab10 proteins are simultaneously, rather than individually, involved in ciliogenesis. 
5.  Polarity proteins for cilium formation 
In polarized epithelial cells, tight junctions allow the generation of well-defined apical 
and basal membrane domains. Cilium elongation is the final event of the polarization process 
in these cells. Thus, many components of the polarity machinery, such as those involved in 
apical membrane biogenesis, establishment of cell junctions, and lumen formation, are 
directly linked to cilium formation. The exocyst, which is a protein complex previously 
implicated in polarized transport in epithelial cells, and the Par complex, which is involved 
in acquisition of cell polarity, are important for ciliogenesis in polarized epithelial MDCK 
cells and kidney tubulogenesis.  
5.1 The exocyst complex 
Tethering complexes are large protein complexes that establish long-range interactions 
between donor and acceptor membranes to capture transport vesicles and enable their fusion 
with acceptor organelles before contacts between v- and t-soluble N-ethylmaleimide 
sensitive factor attachment protein receptors (SNAREs) occur (Yu and Hughson, 2010). In 
addition to capturing vesicles, tethering complexes appear to regulate the spatial and 
temporal assembly of the SNARE complex. 
The exocyst is an eight-subunit (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84) 
complex (Hertzog and Chavrier, 2011; Munson and Novick, 2006) that delineates its function 
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as a tethering complex in the trafficking of vesicles from a post-Golgi compartment, the 
recycling endosome, to the basolateral plasma membrane in polarized epithelial cells (Heider 
and Munson, 2012).  
The exocyst has been shown to be a downstream effector of exocytic Rab GTPases 
(Heider and Munson, 2012). The exocyst subunit Sec15 directly interacts with Rab11 and 
Rabin8 and allows activation of Rab8 (Wu et al., 2005; Zhang et al., 2004). The exocyst 
subunit Sec10 localizes to the primary cilium (Polgar et al., 2015; Zuo et al., 2009). Consistent 
with the role of the exocyst in primary ciliogenesis, KD of the exocyst component Sec10 
leads to shorter cilia, whereas its overexpression leads to elongated cilia in MDCK cells. In 
addition, confirming the importance of Sec10, Sec10-knockout mice have defects in primary 
cilium assembly.  
5.2 The Par complex and Crumbs 
The Par complex consists of Par3, Par6, atypical protein kinase C (aPKC), and the small 
Rho-family GTPase cell division control 42 protein (Cdc42). In epithelial cells, the Par 
complex has been shown to play a role in regulating tight junction formation (Joberty et al., 
2000). Par3, Par6 and aPKC localize to the cilia of MDCK and inner medullary collecting 
duct 3 (IMCD3) cells, and Par3 and aPKC activity have been shown to be essential for 
efficient primary cilium formation in MDCK cells (Fan et al., 2004; Sfakianos et al., 2007). 
In addition, the coiled-coil domain of Par3 interacts with Kif3a, and was demonstrated to be 
essential for ciliogenesis (Sfakianos et al., 2007). 
Cdc42, a component of the Par complex, interacts with exocyst subunit Sec10 and 
colocalizes with Sec10 at the primary cilium (Zuo et al., 2011). Cdc42 KD inhibits ciliogenesis 
and ciliary targeting of polycystin-2. Moreover, depletion of Cdc42 affects the ciliary 
localization of Sec8, indicating that Cdc42 function is necessary for targeting the exocyst to 
the primary cilium. Moreover, Sec10 directly interacts with the Par complex protein Par6, 
which itself associates with Cdc42. This observation led to the proposal that the exocyst 
complex is targeted to the primary cilium by Cdc42 and is then stabilized by binding to the 
Par complex via the Sec10-Par6 interaction (Fig. 3). Once it has become stabilized at the 
primary cilium, the exocyst targets and docks vesicles carrying ciliary proteins, such as 
polycystin-2, by interacting with Rab8 (Zuo et al., 2011). 
Crumbs (Crb3a), which is a transmembrane protein that plays an important role in the 
biogenesis of apical membrane and that is a key component in cell polarization (Hurd et al., 
2003), localizes to the primary cilium of MDCK and IMCD3 cells and is critical for primary 
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cilium assembly (Fan et al., 2004). Crb3a directly interacts with the post synaptic density 
protein (PSD95), Drosophila disc large tumor suppressor (Dlg1), and zonula occludens-1 
protein (zo-1) (PDZ) domain of Par6 (Lemmers et al., 2004; Sfakianos et al., 2007). This 
interaction is necessary for targeting Crb3a to the primary cilium, indicating that Par complex 
might act as an adaptor for targeting membrane proteins to the ciliary membrane via Kif3a 
(Sfakianos et al., 2007). Therefore, the Par complex is required for targeting both Crb3a and 
the exocyst complex to the primary cilium via Par6 and Cdc42, respectively (Fig. 3).  
As the ciliary membrane is a subdomain of the apical membrane, ciliary and apical 
trafficking are tightly connected. Several proteins involved in apical transport, including 
annexin-13, caveolin-1, galectin-3, syntaxin-3, syntaxin-2 and the myeloid and lymphocyte 
(MAL) protein, are shown to be involved in ciliogenesis (Reales et al., 2015; Takiar et al., 
2012; Torkko et al., 2008). This finding is further evidence of the participation of the 
machinery for apical membrane morphogenesis in primary cilium biogenesis and strengthens 
the relationship between the two processes. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Multi-protein complexes involved in polarized trafficking and cell polarity 
implicated in primary cilium formation by polarized epithelial cells. In addition to their role in 
polarization process, the exocyst and the Par complexes participate in primary cilium assembly. Par 
complex consists of Par3, Par6, aPKC and Cdc42. The motor Kif3a targets the Par complex to the 
ciliary axoneme through interaction with the coiled-coil domain of Par3. The Par complex has been 
proposed to be an adaptor for targeting the transmembrane protein Crb3a to the ciliary membrane 
through association with the Par6 PDZ domain. Cdc42 is responsible for recruitment of exocyst 
complex, which targets important cargo, such as polycystin-2, to the cilium. 
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6.  Pathways of primary ciliogenesis 
Despite the evolutionary conservation of the ciliary structure and ciliogenic machinery, 
cilia in different cell types and tissues are not created equal. The pioneering work of Sorokin 
(Sorokin, 1968) established that primary ciliogenesis proceeds by two distinct pathways, 
depending whether the position of the centrosome in the cell is near the nucleus or close to 
its apex. 
In cells of connective tissues, such as fibroblasts and chondrocytes, the primary cilium is 
present within an invagination of the plasma membrane, known as the ciliary pocket, whereas 
in other cell types such as lung or renal cells, it directly protrudes from the plasma membrane 
and no pocket forms (Benmerah, 2013; Ghossoub et al., 2011; Rohatgi and Snell, 2010). The 
ciliary pocket is characterized by containing budding clathrin-coated pits, and is thought to 
mediate ciliary endocytic activity and vesicular trafficking (Molla-Herman et al., 2010; Rattner 
et al., 2010). It has also been proposed as a compartment of signal transduction including 
transforming growth factor-β signaling, which plays critical roles in cell-cycle control, 
migration and differentiation (Clement et al., 2013). In some cell types with ciliary pocket, 
the pocket is deep and the cilium is almost completely submerged, whereas in other cell types 
the pocket is shallow and the cilium is mostly exposed to the extracellular environment (Mazo 
et al., 2016; Satir and Christensen, 2007; Sorokin, 1962). Cells without a ciliary pocket or with 
a shallow one are free to sense motion, a process crucial for mechanosensation (Galati et al., 
2016). 
The presence or absence of the ciliary pocket appears to be a consequence of the route 
of primary cilium assembly used and, therefore, of the position of the centrosome 
(Benmerah, 2013; Rohatgi and Snell, 2010). When the centrosome is near the nucleus 
ciliogenesis starts intracellularly and finishes at the plasma membrane, generating a pocket, 
whereas when the centrosome is close to the plasma membrane the process takes place 
entirely at the plasma membrane and no pocket appears. The first route is referred to as the 
intracellular or “classic” pathway, whereas the second route is known as the alternative 
pathway (Fig. 4).  
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Figure 4. Routes of primary ciliogenesis. The position of the centrosome, near the nucleus or 
close to the plasma membrane, and the presence or absence of a ciliary pocket predicts the type of 
pathway used for primary ciliogenesis. Fibroblasts and polarized epithelial cells are shown as examples 
of cells that use the intracellular and alternative routes, respectively. 
 
The process of primary ciliogenesis by the intracellular route was investigated in great 
detail in the seminal EM work of Sorokin (Sorokin, 1962), who analyzed the process in 
fibroblasts and smooth muscle cells. Primary cilium biogenesis has been recapitulated entirely 
by EM analysis of cultured cells such as RPE-1 cells and NIH-3T3 fibroblasts (Baron 
Gaillard et al., 2011; Cajanek and Nigg, 2014; Kuhns et al., 2013; Lu et al., 2015; Tucker et 
al., 1979). Primary cilium formation in these cells starts intracellularly with the docking of 
small cytoplasmic vesicles to the mother centriole (Fig. 5). The distal appendage protein 
Cep164 and the distal centriolar protein Talpid3 are indispensable for the docking of these 
vesicles (Schmidt et al., 2012). The origin of those vesicles is unclear, although they are 
presumably generated in the Golgi and recycling endosomes (Pedersen et al., 2008; Sánchez 
and Dynlacht, 2016), and in embryonic neocortical stem cells they appear to derive from a 
previous ciliary membrane (Paridaen et al., 2013). The vesicles associated with the mother 
centriole then fuse, generating a large ciliary vesicle that encapsulates the nascent axoneme. 
The membrane-shaping proteins Eps15 homology domain 1 (EHD1) and EHD3 have been 
identified as being crucial for the fusion of the small cytoplasmic vesicles in RPE-1 cells and 
zebrafish (Lu et al., 2015; Yee and Reiter, 2015). SNAP-29, a SNARE membrane fusion 
regulator and EHD1-binding protein, also intervenes in the fusion process. EHD1 is 
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required for Cp110 loss from the mother centriole, and in its absence the mother centriole 
fails to recruit the transition zone protein Cep290 and IFT20, suggesting an important role 
for EHD1 in the early steps of primary cilium biogenesis. It is of note that Rabin8 colocalizes 
with EHD1 on preciliary vesicles but does not require EHD1 for accumulation at the mother 
centriole. Rabin8 activates Rab8 for ciliary extension only after ciliary vesicle assembly (Lu 
et al., 2015). Hook2, a member of the Hook family of adaptor proteins, is also necessary for 
the formation of the large ciliary vesicle at the mother centriole (Baron Gaillard et al., 2011). 
During its conversion to a basal body, at the time that the centriole migrates towards the cell 
surface for docking, the two internal microtubules of each of the nine triplets at the distal tip 
of the mother centriole elongate, and the centriolar appendages mature into transition fibers. 
Ttbk2 or Mark4 KD blocks axoneme extension at this stage by impeding removal of Cp110 
(Cajanek and Nigg, 2014; Kuhns et al., 2013). The axoneme then elongates and deforms the 
ciliary vesicle in such a way that an outer membrane (sheath) and an inner membrane (shaft) 
surround the incipient axoneme and the distal part of the mother centriole. After transitional 
fiber-mediated docking of the mother centriole to the plasma membrane, the ciliary vesicle 
is exocytosed and fuses with the plasma membrane, exposing the nascent cilium to the 
extracellular milieu. Upon fusion, the sheath gives rise to the ciliary pocket, while the shaft 
forms the ciliary membrane. Finally, the axoneme continues elongating from its tip to reach 
its final size and the part proximal to the basal body remains structurally distinct from the 
rest of the cilium, forming the transition zone (Rohatgi and Snell, 2010) (Fig. 5).  
In polarized epithelial cells, however, the centrosome lacks a large ciliary vesicle and it 
moves to the apical surface before it begins to assemble the axoneme (Fig. 5). Despite its 
fundamental relevance in polarized epithelia, research on primary ciliogenesis and underlying 
mechanisms in cells that rely on the alternative route, has remained largely unexplored.  
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Figure 5. Primary cilium biogenesis. In polarized epithelial cells, such as renal cells, initiation of 
axoneme assembly takes place entirely at the apical cell surface once the basal body has docked to 
the plasma membrane. In fibroblasts or smooth muscle cells, ciliogenesis initiates intracellularly with 
the formation of a large ciliary vesicle at the distal end of the appendages of the mother centriole by 
fusion of smaller vesicles. The axoneme starts forming intracellularly and, as it grows, deforms the 
ciliary vesicle and establishes an inner membrane (shaft) and an outer membrane (sheath). The 
incipient cilium is finally exocytosed and the cilium becomes exposed in the plasma membrane. The 
sheath gives rise to the ciliary pocket, and the shaft forms the ciliary membrane.  
 
7.  The ciliary gate 
Cilia have no machinery for protein synthesis, so all ciliary proteins must be synthesized 
elsewhere in the cell and imported selectively into the cilium. Although the ciliary 
compartment lacks a limiting membrane that separates it from the cytosol, the base of the 
primary cilium selectively regulates the entry of proteins (Takao and Verhey, 2016; Verhey 
and Yang, 2016). Protein segregation is made possible by a functional gate at the ciliary base 
that is responsible for selective entry of proteins into the primary cilium (Hu and Nelson, 
2011; Nachury et al., 2010). The injection of fluorescent dextrans or soluble proteins of 
different sizes enables a size threshold of 40-60 kD to be defined, above which they cannot 
gain access into the cilium by simple diffusion. The most proximal line of defense against 
indiscriminate entry of material into the ciliary compartment is provided by the transition 
fibers (Reiter et al., 2012; Wei et al., 2015). Selective import of soluble proteins to the cilium 
appears to involve a ciliary pore complex, analogous to the nuclear pore complex, involving 
importins and the small GTPase Ran (Kee et al., 2012). Experimental evidence also points 
to a role for the transition zone, whereby Y-shaped structures and a protein network 
including proteins encoded by genes related to ciliopathies validate soluble cargo to allow its 
access into the cilium (Chih et al., 2011; Garcia-Gonzalo et al., 2011). 
INTRODUCTION 
 
23 
 
The ciliary membrane presents continuity with the plasma membrane, but the two 
membranes have a very different composition (Rohatgi and Snell, 2010). In epithelial IMCD3 
cells, Septin2 localizes at the base of the axoneme and its depletion increases the diffusion 
mobility of ciliary membrane proteins (Hu et al., 2010). This observation led to the proposal 
that Septin2, probably in collaboration with other septins, forms polymers at the ciliary base 
that can restrict the access of membrane proteins.  
The interfiber space between the transition fibers is too small (<60 nm) for vesicles to 
pass through and, instead, vesicles transporting membrane proteins dock and fuse with the 
ciliary base to deliver their cargo. Similar to the sorting signals for transport to other 
compartments, selective targeting of transmembrane proteins to the cilium requires specific 
ciliary targeting sequences (Mukhopadhyay et al., 2017; Pazour and Bloodgood, 2008; Sung 
and Leroux, 2013).  
Diffusion between plasma and ciliary membranes is also prevented by interactions 
between plasma membrane proteins and actin cytoskeleton. It has been reported that some 
apical membrane proteins such as podocalyxin, are excluded from the base of the cilium and 
from the ciliary compartment (Francis et al., 2011). In MDCK cells, podocalyxin is prevented 
to enter the ciliary base and the cilium by interaction of its PDZ-binding domain with 
Na+/H+ exchanger 3 regulatory factor 1, and thus with the apical actin network via ezrin, 
radixin, and moesin proteins, suggesting the existence of a selective mechanism of retention 
for certain proteins that participates in the specificity of the ciliary membrane (Francis et al., 
2011).  
A zone of specialized condensed membranes also exists at the ciliary base of epithelial 
MDCK cells, as revealed by using the Laurdan probe (Annex I; Fig.6; Vieira et al., 2006). 
This region has been proposed to serve as a barrier to lipid movement between the ciliary 
and the apical plasma membranes, although the precise mechanisms by which this 
phenomenon occurs are unknown. Possible functions postulated for this specialized 
membrane region also include that it acts to facilitate the docking of the basal body to the 
plasma membrane, that it regulates the elongation of the ciliary membrane, or that it has a 
structural role (Reiter and Mostov, 2006; Vieira et al., 2006). It has been revealed that KD of 
phosphatidylinositol-4-phosphate adaptor protein-2 (FAPP2, also known as PLEKHA8), a 
protein involved in apical transport, alters the condensation of the apical membrane and 
reduces primary cilium formation suggesting that there is a link between apical membrane 
condensation and primary ciliogenesis (Vieira et al., 2006). However, despite their potential 
importance, the questions of how membrane condensation is regulated at the ciliary base and 
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what role these specialized membranes play in primary cilium assembly have not yet been 
addressed.  
8.  The MAL protein 
The MAL protein is a highly hydrophobic protein containing 153 amino acids organized 
in four transmembrane domains separated by three short hydrophilic segments (Alonso and 
Weissman, 1987). Its N- and C- terminus ends are oriented towards the cytosol. One of the 
striking characteristics of the MAL protein is that, like other characterized members of the 
MAL family, it can be extracted into organic solvents commonly used to isolate cell lipids. 
This feature is typical of a heterogeneous group of proteins termed proteolipids, such as 
myelin proteolipid protein (PLP) that exhibit lipid-like properties (Rancaño et al., 1994). 
A second characteristic of the MAL protein family is their abundance in highly 
condensed membrane fractions enriched in glycolipids and cholesterol. These membranes 
are resistant to solubilization by non-ionic detergents (e.g. Nonidet P-40, Triton X-100) at 
low temperature due to their high degree of condensation (Kim et al., 1995; Millán et al., 
1997; Zacchetti et al., 1995). It has been postulated that this type of lipid organizes into 
membrane nanodomains, known as membrane rafts, which allow the selective incorporation 
of certain membrane proteins while excluding most of them (Simons and Ikonen, 1997). 
According to the prevailing model of biological membrane organization, this specific 
segregation of proteins enables rafts to function as platforms for the recruitment of specific 
proteins for selective transport to specific compartments, and for cell signaling processes 
(Alonso and Millán, 2001; Simons and Toomre, 2000; Simons and Wandinger-Ness, 1990). 
9.  The function of MAL  
The function of MAL has been investigated in the three cell types in which it is mainly 
expressed: polarized epithelial cells, human T lymphocytes, and myelin-forming cells. In all 
of them, MAL has been shown to play a role in polarized trafficking mediated by raft 
membranes. Since the work presented in this thesis has been done in polarized epithelial 
cells, I will focus on the function of MAL in this type of cell. 
9.1 The raft model of apical transport 
Glycosphingolipids are highly insoluble in non-ionic detergents at low temperature. This 
fact, together with the observations that the apical membrane is enriched in these lipids and 
that some apical proteins become insoluble in non-ionic detergents during their biosynthetic 
transport, led to the original proposal of the raft model of organization of biological 
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membranes. According to this, apical proteins associate during their biosynthetic transport 
with membrane nanodomains or rafts enriched in glycosphingolipids and cholesterol at the 
trans-Golgi network. These nanodomains then vesiculate to form transport carriers destined 
for the apical surface. The model was supported by the observation that specific apical 
proteins, such as the influenza virus hemagglutinin (HA) or proteins anchored to the 
membrane by a glycosylphosphatidylinositol (GPI) moiety, become insoluble in detergent 
during biosynthetic transport. The original formulation of the raft hypothesis postulated that, 
like in other membrane transport processes, although the rafts are the platform for the 
formation of the transport vesicles, they require specific protein machinery for recruitment 
of specific cargo coat assembly, fission, correct targeting to the apical membrane, and fusion 
with the acceptor membrane (Simons and Wandinger-Ness, 1990). 
9.2 MAL in apical transport 
Given that MAL associates with membrane raft fractions and localizes to the Golgi in 
MDCK cells and in all other cell types examined, MAL was considered to be an excellent 
candidate for forming part of the machinery of apical transport. To investigate the 
requirement for MAL in this process, the apical transport of apical raft-associated protein 
markers, such as the transmembrane hemagglutinin HA protein, GPI-anchored proteins and 
specific secretory proteins such as thyroglobulin, was compared in the presence or absence 
of MAL expression. The apical sorting of all of them was dramatically reduced in MAL-
silenced cells indicating that MAL is required for apical targeting of these three types of raft-
associated protein (Cheong et al., 1999; Martin-Belmonte et al., 2001; Martin-Belmonte et 
al., 2000; Puertollano et al., 1999).  
To determine whether the involvement of MAL in apical transport was restricted to 
raft-associated proteins or if, by contrast, MAL plays a more general role in apical transport, 
the sorting of non-raft-associated proteins such as the transmembrane neutrophin receptor 
(p75) and dipeptidylpeptidase IV proteins and the secretory protein clusterin (p55) was 
subsequently assessed. As was the case for raft-associated markers, apical transport of these 
proteins was abrogated in the absence of MAL expression, highlighting MAL as an essential 
component of the general machinery of apical transport (Martin-Belmonte et al., 2001; 
Martin-Belmonte et al., 2000). Two alternative models of biosynthetic apical transport can 
explain these results (Martin-Belmonte et al., 2001). The first proposes that apical proteins 
detected in or excluded from membrane rafts travel in the same transport vesicle by a 
pathway directly involving MAL. The second model proposes the existence of two distinct 
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transport vesicles, one for raft-associated proteins and the other for those that are not 
associated with rafts. Given that MAL is exclusively present in membrane rafts and that MAL 
is necessary for the transport of all types of protein, the second model implies that the 
vesicular transport of non-raft associated proteins would depend on the correct functioning 
of the raft-mediated route. 
10.  Molecular basis of MAL protein function 
MAL expression in insect cells, which do not endogenously express MAL, resulted in 
extensive accumulation of cytoplasmic vesicles (Puertollano et al., 1997).  This result is 
consistent with a possible role for MAL in vesicle formation.  
In a different set of experiments, it was observed that MAL is directly involved in the 
recruitment of cargo —HA, Lck, and neurofascin 55— to membrane rafts in T lymphocytes 
(Antón et al., 2008; Antón et al., 2011), epithelial cells (Puertollano et al., 1999) and myelin-
forming cells (Schaeren-Wiemers et al., 2004), respectively. This observation led to the 
proposal that the main role of MAL is to organize raft lipids to make membrane rafts 
competent for selective protein recruitment (Fig. 7). This hypothesis was supported by in 
vitro experiments showing that MAL overexpression in culture cells generates giant domains 
with sorting properties similar to those predicted for rafts in the plasma membrane (Magal 
et al., 2009). In summary, the current model of MAL function postulates that MAL 
compartmentalizes membranes by creating raft nanodomains that selectively recruit specific 
proteins. 
Figure 7. Proposed model for MAL protein function. In the absence of MAL, membrane rafts 
fail to recruit specific proteins, such as Lck and HA. When MAL is present, it organizes membrane 
lipids generating competent raft nanodomains that selectively recruit specific proteins, such as Lck 
or HA. 
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Considering the physiological relevance of the primary cilium in renal epithelial cells, and 
taking into account that the process of ciliogenesis remains largely unexplored in this cell 
type, the first objective of this thesis is to investigate the mechanism of primary cilium 
biogenesis in polarized renal epithelial MDCK cells. 
Since the MAL protein has been previously identified as being an element of the machinery 
of membrane condensation for polarized transport to the apical membrane proteins of 
epithelial MDCK cells, and because there are condensed membranes at the ciliary base whose 
origin and function are unknown, the second objective of the present work is to investigate 
whether MAL plays a role in the condensation of the membranes at the ciliary base, and to 
determine the role of such membranes in primary cilium assembly.  
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RESUMEN 
Hace casi 50 años de que se estableciera que la biogénesis del cilio primario puede ocurrir 
de dos formas diferentes, dependiendo de si el centrosoma está próximo al núcleo o cerca 
de la membrana plasmática. Se ha propuesto que en las células mesenquimales, en los 
fibroblastos y en las células musculares, en las que el centrosoma está cercano al núcleo, el 
cilio se forma en el interior de la célula. Por el contrario, en células epiteliales polarizadas 
como las células del riñón, donde el centrosoma se sitúa en cerca de la membrana apical, la 
biogénesis del cilio tiene lugar enteramente en la superficie apical. La mayoría de los 
trabajos relacionados con el proceso de ciliogénesis se han realizado utilizando modelos 
celulares que ensamblan el cilio de manera intracelular. Sin embargo, el mecanismo por el 
que tiene lugar la biogénesis del cilio primario en la superficie apical es un apartado que ha 
permanecido prácticamente sin ser examinado. En este trabajo, utilizando el modelo de 
túbulo distal de riñón de células epiteliales MDCK, hemos investigado el mecanismo de 
formación del cilio primario por esta ruta tan poco conocida. En este trabajo observamos 
que el cuerpo medio o el cuerpo de Flemming, una estructura muy electrodensa formada 
durante las últimas etapas de la división celular, comparte muchas proteínas con el cilio 
primario. Después de completarse la citocinesis, el remanente del cuerpo medio es 
heredado por una de las dos células hijas situándose en la membrana apical próximo a las 
uniones estrechas celulares. También observamos que en un proceso dependiente del área 
celular, el remanente del cuerpo medio se transloca por la superficie apical desde una 
posición periférica hasta el centro de la célula. Una vez situado en el centro de la célula, el 
remanente contacta con el centrosoma facilitando el proceso de ciliogénesis. Para examinar 
si el contacto entre el remanente del cuerpo medio y el centrosoma es necesario para la 
formación del cilio, en este trabajo diseñamos un nuevo método para eliminar físicamente 
el cuerpo medio de la célula, y así poder evaluar los efectos causados por su pérdida. Este 
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nuevo método consiste en aplicar presión negativa a una pipeta de cristal conectada a un 
aparato de patch-clamp. De esta forma, pudimos evaluar que la pérdida del remanente del 
cuerpo medio resulta en una reducción significativa del número de cilios en comparación 
con las células control. Además, desarrollamos un modelo matemático que mediante 
simulaciones nos permitió averiguar que la conservación del remanente del cuerpo medio y 
su translocación al centro de la célula son dependientes del área celular. Asimismo este 
modelo predice que la mayoría de la población celular sigue esta ruta de ciliogénesis. Por 
tanto, en este trabajo describimos una nueva ruta de ciliogénesis en la que el cuerpo medio 
es esencial para la formación del cilio primario de las células epiteliales polarizadas renales.  
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Introduction
Most vertebrate cells have a primary cilium (PC) that projects 
from their surface as a single appendage (Gerdes et al., 2009; 
Bornens, 2012). The PC orchestrates important signaling path-
ways involved in development and cell proliferation, differen-
tiation, survival, and migration (Singla and Reiter, 2006; Goetz 
and Anderson, 2010). Ciliary dysfunction produces a great va-
riety of human developmental and degenerative disorders, col-
lectively known as ciliopathies, which can affect nearly every 
major organ in the body (Hildebrandt et al., 2011).
In mammals, the PC consists of a specialized membrane 
protrusion that surrounds a structure known as the axoneme, 
which is organized in a ninefold symmetrical arrangement 
of microtubule doublets. In some cell types, the PC is deeply 
rooted in the cytoplasm in a membrane invagination referred 
to as the ciliary pocket, whereas in others the PC directly pro-
trudes from the plasma membrane (Rohatgi and Snell, 2010; 
Benmerah, 2013). It has been postulated that the presence or 
absence of the ciliary pocket is a consequence of the use of two 
distinct pathways of primary ciliogenesis (Benmerah, 2013), 
distinguished by the position of the centrosome, either near the 
nucleus or close to the cell apex (Sorokin, 1968). In fibroblasts, 
which have a ciliary pocket and the centrosome near the nu-
cleus, ciliogenesis follows the intracellular route, which begins 
inside the cell with the progressive formation of a large ciliary 
vesicle that encapsulates the distal end of the mother centriole. 
This vesicle is usually thought to be of Golgi origin, although, 
at least in embryonic neocortical stem cells, it appears that can 
also be derived from a previous ciliary membrane (Paridaen et 
al., 2013). After formation of an incipient axoneme by elon-
gation of the two inner microtubules from each of the nine 
microtubule triplets of the mother centriole, the ciliary vesicle 
fuses with the plasma membrane and gives rise to the ciliary 
membrane and, probably, the ciliary pocket (Sorokin, 1962). In 
contrast, cells such as renal polarized epithelial cells (Latta et 
al., 1961), which lack a ciliary pocket and have their centro-
some at the cell apex, assemble a PC once the centrosome is 
positioned at the cell apex. Despite its fundamental relevance, 
research on primary ciliogenesis has concerned itself almost 
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exclusively with the intracellular pathway, whereas the exis-
tence of an alternative route in polarized epithelial cells has re-
mained largely unexplored.
Cytokinesis begins with ingression of the cleavage furrow 
that progressively constricts the cytoplasm and transforms spin-
dle microtubules into the intercellular bridge connecting the two 
daughter cells (Chen et al., 2012; Fededa and Gerlich, 2012; 
Green et al., 2012). The midbody, or Flemming body, which is 
a 1.0- to 1.5-µm-electrodense structure characterized by dense 
packing of overlapping antiparallel microtubule bundles, forms 
in the middle of this bridge. Severing of the bridge membrane 
on one side of the midbody results in the physical separation of 
the two daughter cells. Once this process has taken place, if the 
bridge is severed on the other side, the postmitotic midbody is 
shed into the extracellular milieu and deteriorates with time. Al-
ternatively, in the event that the second scission does not occur, 
the midbody is asymmetrically inherited by one of the daughter 
cells as a remnant, to be degraded or conserved over an extended 
period (Marzesco et al., 2005; Pohl and Jentsch, 2009; Kuo et 
al., 2011; Salzmann et al., 2014). The position of the remnant 
marks the site of formation of the first neurite in Drosophila 
melanogaster neurons in vivo (Pollarolo et al., 2011), defines 
the place of initiation of lumen formation in epithelial cells (Li 
et al., 2014), and constitutes a landmark for defining dorsoven-
tral axis formation during the early development of Caenorhab-
ditis elegans (Singh and Pohl, 2014). Although the exact role of 
the midbody remnant in these processes remains a mystery, its 
importance in cellular physiology and determination of cell fate 
is becoming apparent (Chen et al., 2013; Dionne et al., 2015).
Epithelial Madin-Darby canine kidney (MDCK) cells 
constitute a paradigm of renal tubular epithelial cells exten-
sively used for investigating specialized membrane trafficking 
mechanisms and in vitro tubule formation (Rodriguez-Boulan 
et al., 2005). Here, we used MDCK cells to investigate the pro-
cess of primary cilium formation in polarized renal epithelial 
cells. We show that the midbody remnant of MDCK cells is 
retained by one of the daughter cells and becomes located at the 
apical surface close to the cell junctions. The midbody remnant, 
which carries important machinery for primary cilium forma-
tion, such as Rab8 and intraflagellar transport (IFT) and exo-
cyst subunits, then moves along the apical surface to the central 
zone, where the centrosome is situated. Once there, a primary 
cilium emerges. If the remnant is removed, primary ciliogen-
esis is greatly impaired. A mathematical simulation explains 
the dynamics of the process in terms of constraints on cell area 
brought about by cell proliferation and establishment of cell–
cell contacts. Our work reveals a new biological mechanism 
for the process of primary ciliogenesis that directly implicates 
the postmitotic midbody.
Results
The effect of confluence and quiescence on primary ciliogen-
esis appears to depend on the cell type and cell culture con-
ditions (Wheatley et al., 1994; Alieva and Vorobjev, 2004). 
MDCK cells form a PC at the center of the apical membrane 
when they are grown at high cell density, but unlike other cells, 
they do not form a PC in response to serum deprivation. The 
PC of MDCK cells does not contain a ciliary pocket (Zuo et 
al., 2009; Reales et al., 2015), and the centrosome of noncili-
ated cells localizes close to the apical membrane and is devoid 
of a large ciliary vesicle (Fig. 1, A and B). Therefore, as such, 
MDCK cells are an appropriate model for investigating the ex-
istence of an alternative pathway of ciliogenesis. The machin-
ery for IFT (Rosenbaum and Witman, 2002), the Rab GTPase 
Rab8, and exocyst (a multi-subunit complex involved in teth-
ering vesicles to the plasma membrane [Heider and Munson, 
2012]) are important for the assembly of the PC (Nachury et 
al., 2007; Zuo et al., 2009; Das and Guo, 2011). To understand 
ciliogenesis in MDCK cells, we first examined the distribution 
at the apical zone of IFT20, a component of the IFT machinery. 
Interestingly, in addition to its expected ciliary localization, in 
nonciliated cells, IFT20 concentrated in a tubulin-rich structure 
positioned at the apical surface either peripherally, close to the 
cell junctions, or centrally, close to the centrosome (Fig. 1 C). 
Rab8 (Fig. 1 D) and Exo70 (Fig. S1 A; a subunit of the exocyst 
complex), but not podocalyxin (a PC-excluded transmembrane 
protein [Meder et al., 2005]; Fig. 1 E), also distributed in the 
three apical patterns. IFT88 followed the same distribution pat-
terns (Fig. S1 B), but IFT81 (Fig. S1 C) was detected only in 
ciliary structures. Quantifying the number of cells with each of 
the three profiles in growing cells evolving from low to high 
confluence showed that cells with a peripheral profile emerged 
first, followed by the cell population with a central profile 
and then those with a cilium (Fig. 1 F). These dynamics and 
the observation that the PC shares IFT20, Rab8, Exo70, and 
α-tubulin with the central and peripheral structures prompted us 
to characterize these structures, examine their relationship, and 
investigate their involvement in ciliogenesis.
During cytokinesis, the intercellular bridge connecting 
newly formed daughter cells forms at the apical surface of MDCK 
cells (Reinsch and Karsenti, 1994; Fig. 2, A and B; and Video 1). 
The physical separation of the daughter cells then takes place by a 
process called abscission, which involves disassembly of the mi-
crotubules adjacent to the midbody and scission of the membrane 
bridge (Chen et al., 2012; Fededa and Gerlich, 2012; Mierzwa 
and Gerlich, 2014). After abscission, the postmitotic midbody 
was inherited as a midbody remnant by one of the daughter cells 
and localized at the apical surface close to the junction between 
them (Fig. 2 A and Video 1). The peripheral structure positive for 
IFT20 was identified as a midbody remnant by its colocalization 
with protein required for cytokinesis 1 (PRC1; Jiang et al., 1998; 
Fig. 2 C) and mitotic kinesin-like protein 1 (MKLP1; Mishima 
et al., 2002; Fig. S1 D), which were used as endogenous markers 
of the midbody, and with exogenous GFP-PRC1 (Fig. S1 E). The 
characteristic microtubular pattern and electrodense ultrastruc-
ture seen by EM analysis of the peripheral profiles confirmed 
this assignment (Figs. 2 D and Fig. S2, A and B). It is of note 
that detailed analysis of serial sections indicates that peripheral 
remnants are connected to the rest of the cell through tethers that 
appear continuous with the midbody (Fig. 2 D).
Consistent with previous observations in HeLa cells (Ka-
plan and Reiner, 2011), Rab8 was found in the intercellular 
bridge in MDCK cells, as was IFT88 (Fig. S1 F). IFT20 and 
IFT88 were also detected in the bridge in human telomerase 
reverse transcription–immortalized retinal pigment epithelial 
1 (RPE1) cells (Fig. S1 G), which have a ciliary pocket and 
follow the intracellular route of ciliogenesis (Molla-Herman et 
al., 2010). Because IFT20 had not previously been detected in 
the bridge (Follit et al., 2006), its presence was confirmed by 
expression of GFP-IFT20 (Fig. S1 H). The localization of Rab8, 
IFT20, and IFT88 in the intercellular bridge explains their pres-
ence in peripheral remnants.
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To determine whether the central profile arises from trans-
location of the peripheral remnant, we tracked the dynamics of 
peripheral remnants labeled with GFP-PRC1 and cherry-tu-
bulin. We observed that the remnant moved along the apical 
surface toward the center of the apical membrane (Fig.  3  A 
and Video 2). We also used cells expressing GFP-tubulin and 
dsRed-centrin to confirm that the remnant moves to be proxi-
mal to the centrosome (Fig. 3 B and Video 3). The transition to 
become cells with a central remnant occurred in ∼72% of cells 
that had a peripheral remnant, as measured 60–72 h after cell 
seeding, and the journey took 1–4 h, as assessed by videomicro-
scopic analysis of 40 cells. It is of note that the remnant reached 
a central position by climbing along the apical surface as the 
cell gradually grew in height and occupied less area (Fig. 3 C 
and Video 4). Similar to what was observed in peripheral rem-
nants (Figs. 2 D and S2 A), EM analysis of serial longitudinal 
cell sections of a remnant in the proximity of the centrosome 
showed that the remnant is connected to the rest of the cell by 
a thin stalk (Fig. 3, D [section S2′] and E; and Fig. S3 B). In 
addition, the 3D reconstruction of serial EM sections showed 
that the midbody remnant is closely embraced by microvilli 
(Fig. 3 E and Video 5).
Rab8 localizes to the PC and is essential for efficient PC 
formation in RPE1 cells (Nachury et al., 2007; Westlake et al., 
2011; Kuhns et al., 2013). The midbody remnant transports 
Rab8 to the center of the apical membrane in MDCK cells (Fig. 
S3 A). To investigate whether Rab8 is necessary for the move-
ment of the remnant, we silenced Rab8 expression with specific 
siRNA (Fig. S4, A and B). Rab8 knockdown produced the accu-
mulation of peripheral remnants in MDCK cells and, as in cells 
with a ciliary pocket, compromised PC formation (Fig. 4, A and 
B). This effect was impeded in cells expressing exogenously 
human Rab8 (Fig. 4, C and D). As a control of the specificity of 
the effect of Rab8 knockdown on the movement of the remnant, 
we observed that IFT88 knockdown (Fig. S4, C and D) did not 
produce the same effect (Fig. 4, E and F). Instead, IFT88 knock-
down reduced the number not only of ciliated cells, but also 
of peripheral remnants, probably by favoring remnant release. 
Figure 1. IFT20 and Rab8 concentrate at peripheral and central structures in nonciliated MDCK cells. (A and B) EM micrographs showing three represen-
tative examples of PCs (A) and apical centrosomes (B). No ciliary pocket (A) or vesicles surrounding the centrosome (B) were observed in 14 cilia and 
16 apical centrosomes examined, respectively. The arrowhead marks the centrosome. Bars, 500 nm. (C–E) Cells grown for 4 d were stained for IFT20 and 
α-tubulin (C), Rab8 and IFT20 (D), and podocalyxin and α-tubulin (α-tub; E). The position of the centrosome was monitored by expression of dsRed-centrin. 
The projection of one to three apical planes of one representative example of each of the distributions patterns is shown. The dashed line indicates the cell 
contour. The enlargement shows the fluorescent signal in the boxed region for the proteins analyzed. White arrowheads point to the centrosome or to each 
of the two centrioles if they are separated, and green arrowheads point to the peripheral and central structures. Bars, 2 µm. (F) The number of cells with 
peripheral or central structures or a PC was measured at the indicated times after cell plating. Each dot represents the result from a microscope field. Three 
independent experiments were performed (n = 207–847 cells per time point; two to five fields per time point and per experiment).
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In addition, Rab8 knockdown did not grossly alter the process 
or duration of cytokinesis (Fig. S4, E and F). Although Rab8 
regulates the establishment of apico-basal polarity and mem-
brane trafficking, expression of dominant negative Rab8 does 
not produce loss of cell polarity in monolayers of already po-
larized cells (Ang et al., 2003). Similarly, we found that cell 
polarity, as assayed by the steady-state distribution of the apical 
podocalyxin and basolateral β-catenin markers and that of the 
tight junction ZO-1 protein, was apparently normal in the ab-
sence of Rab8 (Fig. S4 G). As in the case of peripheral remnants 
of normal cells, analysis of serial EM sections showed that the 
remnants of Rab8-knockdown cells were connected to the api-
cal membrane by a thin stalk that appears continuous with the 
midbody (Fig. 4 G and Fig. S4 H). In summary, the results in 
Fig. 4 show that the midbody remnant moves along the apical 
membrane from a peripheral position toward the centrosome in 
a Rab8-dependent manner.
Having established that the central structure corresponded 
to the midbody remnant, we investigated the relationship between 
the central remnant and the cilium. Videomicroscopic analysis 
and 3D reconstruction of cells coexpressing GFP-tubulin and 
dsRed-centrin (Fig. 5 A and B; and Video 6) further revealed 
that a PC starts assembling once the remnant has encountered 
the centrosome. The observation of this encounter between the 
remnant and the centrosome could be reproducibly observed 
(n = 10 cells). A thin microtubular connection between the two 
structures preceded formation of a nascent cilium (Fig. 5 A). 
A second example of this microtubular extension is presented 
in Fig.  5  C.  Afterward, the midbody remnant progressively 
separated from the centrosome and was eventually lost 
(Fig. 5 A). Similarly, movement of the midbody remnant to the 
cell center and PC formation were observed in inner medul-
lary collecting duct 3 (IMCD3) cells (Fig. S4, I and J), where 
it is known that ∼90% of ciliated cells lack a ciliary pocket 
(Molla-Herman et al., 2010). In summary, the results in 
Figs. 3 and 5 are compatible with a sequential process by which 
the daughter cell that inherits the midbody remnant forms a PC 
by a process involving the movement of the remnant along the 
apical surface to become proximal to the centrosome.
Because of its dense structure and large size, the energy 
needed to destroy a midbody by laser ablation is so high that it 
causes extensive cell damage. Therefore, to investigate directly 
the requirement of the midbody remnant for PC biogenesis, we 
designed a gentle procedure to physically remove it. The proce-
dure, which was named “take-up by suction pressure” (TUSP), 
uses patch-clamp equipment to aspirate the remnant (Fig. 6 A 
and Video 7). As a control, the same procedure was performed 
in cells with a remnant in a zone of the plasma membrane dis-
tant from it. Removal of the remnant by TUSP resulted in a 
fourfold reduction in the number of PCs relative to control cells 
(Fig. 6, B and C). Approximately 20% of the cells still formed a 
PC despite having their remnant removed, indicating that rem-
nant removal might not have been complete in those cells, that 
the remnant had already enabled the centrosome to form a PC 
before removal, or that they formed a PC in a midbody rem-
nant–independent manner. As controls of the TUSP procedure, 
we observed that cell polarity, as determined by the distribution 
of podocalyxin, β-catenin, and ZO-1 (Fig. 6 D) and F-actin and 
Figure 2. The peripheral structure containing 
ciliary markers is a postmitotic midbody. (A) 
The images correspond to 3D reconstructions 
of cells expressing cherry-tubulin that were 
filmed during cell division. The images were 
pseudocolored based on height, using the 
color scale on the left, to highlight that the in-
tercellular bridge forms at the top of the cells 
and that the postmitotic midbody remnant 
localizes after abscission at a peripheral po-
sition at the apical surface. The arrowhead 
points to the postmitotic midbody. Bar, 5 µm. 
An enlargement of the boxed region at 0 and 
80 min is also shown. Bars, 2 µm. (B) Serial 
EM sections of the apical region of MDCK cells 
during cytokinesis. The sections are numbered 
S1 onwards from the lower section to the top. 
Note the progressive loss of microvilli at the 
top sections. Bar, 1 µm. (C) Cells expressing 
dsRed-centrin were stained for IFT20 and 
PRC1. The enlargement of the boxed region 
shows the fluorescent signal for IFT20 and 
PRC1. The dashed line indicates the cell con-
tour. The white and green arrowheads point 
to the centrosome and the peripheral structure, 
respectively. Bars, 2 µm. (D) EM micrograph 
of a cell with a peripheral midbody remnant 
(left panel) and enlargements of different serial 
sections (S3, S4, and S7, right). Note that in 
some of the sections it appears that the rem-
nant is connected to the rest of the cell by a 
thin tether (empty arrowhead) as shown in the 
enlargements of the boxed regions of sections 
S3, S4, and S7 (S3′, S4′, and S7′, bottom). 
Asterisks indicate cell junctions. The images 
are orthogonal serial sections from the same 
cell. The sections were numbered S1 onwards 
from the back to the front. Bars: (panoramic 
view) 3 µm; (enlargements) 500 nm.
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β-catenin (Fig. S5 A), and integrity of the plasma membrane, as 
assessed with a biotinylation reagent that does not permeate the 
plasma membrane (Fig. S5 B), were normal in cells in which 
TUSP was used for remnant removal. Cells remained viable as 
they responded to hepatocyte growth factor by undergoing cy-
cles of extension-retraction of their plasma membrane, as did 
control cells in the same microscope field (Video 8). In sum-
mary, the results in Fig. 6 show that the midbody remnant is 
essential for efficient primary ciliogenesis.
Quantification of the area of the substrate occupied by 
the cells (hereafter referred to as the cell area) indicated that 
whereas the area of the cells with a peripheral remnant was not 
restricted, the cells with a central remnant or a primary cilium 
had areas less than 400 and 200 µm2, respectively (Fig. 7 A). 
To investigate the possibility that constraints in the cell area 
regulate the process of PC formation, we developed a probabi-
listic population-based mathematical model in which cells are 
allowed to proliferate and transit between the different stages 
solely on the basis of the value of the cell area. In addition to 
the results in Fig. 7 A, the model was designed on the basis of 
parameters derived from measurements of the total cell num-
ber (Fig.  7  B), the single-cell area over time (Fig. S5, C–E), 
and the number of cells with a midbody remnant or a ciliary 
structure (Fig.  7  C). We defined the various transitions ob-
served (cell cycle length, remnant conservation, movement of 
the remnant from a peripheral to a central position, and start 
of ciliogenesis) in the form of Hill functions of the cell area 
(Fig. 7 D and Materials and methods). The resulting simulations 
(Fig. 8 A) show that cells with a peripheral remnant emerged 
first, followed by the cell population with a central remnant and 
then those exhibiting a ciliary structure. This is consistent with 
our videomicroscopic analyses indicating a sequential relation-
ship between the profiles. The simulations closely reproduced 
the experimental data of Fig. 1 F, as shown by their superimpo-
sition (Fig. 8 B). This finding indicates that constraints in the 
cell area explain all the experimentally observed transitions.
We used the micropatterning method to confirm that the 
cell area controls the different transitions of the midbody rem-
nant and PC formation. A single cell was plated on disk micro-
patterns of 700, 1,100, and 1,600 µm2 (Fig. 8 C), and the cell was 
left to divide to generate four or eight to 12 cells covering the 
entire available surface of the disks (Fig. 8 D). Consistent with 
the simulations, the percentage of cells with a midbody remnant 
or a PC increased as the cell area became smaller (Fig. 8 E). 
Moreover, the percentage of cells with either a central remnant 
or a PC increased with the degree of cell confinement (Fig. 8 F). 
Figure 3. The midbody remnant moves along the apical surface from a peripheral to a central position to encounter the centrosome. (A and B) XY confocal 
stack of cells coexpressing GFP-PRC1 and cherry-tubulin (A) and GFP-tubulin and dsRed-centrin (B) during movement of the midbody remnant. In A, the 
green and red arrowheads point to the midbody remnant pools of PRC1 and tubulin, respectively. In B, the green and red arrowheads point to the remnant 
and the centrioles, respectively. (C) 3D reconstruction of cells expressing GFP-tubulin during remnant movement (top). The images were pseudocolored 
based on height, using the color scale on the left, to highlight that the remnant moved to the center of the apical surface as the cell gained height. The green 
arrowhead points to the midbody remnant. The differential interference contrast (DIC) images show that the cell occupied 25% less area at the end (bottom). 
Bars, 5 µm. (D) EM micrograph of a cell with the remnant in the vicinity of the centrosome at the center of the apical surface and enlargements of different 
sections. The images are orthogonal serial sections from the same cell. Asterisks indicate cell junctions, the black arrowhead points to the remnant, and the 
arrow indicates the centrosome. The sections were numbered S1 onwards from the back to the front. Note that it appears that the remnant is connected to 
the rest of the cell by a thin tether, indicated by an empty arrowhead (see S2′, which is an enlargement of the boxed region of S2). Bars: (panoramic view) 
4 µm; (enlargements) 500 nm. (E) 3D reconstruction of the central remnant (red), the tether (dark red), and adjacent apical membrane (gray) obtained by 
manual tracing and stacking of their contours after alignment of the serial EM sections of Fig. S3 B. The arrowhead indicates the tether.
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It is of note that this increase did not affect all the cells on the 
disk in the same manner: cells at the edge had preferentially 
peripheral remnants, whereas those in an internal position ex-
hibited most of the central remnants and PCs (Fig. 8 G). This 
observation is consistent with our measurements on cells grown 
on coverslips (Fig. 1 F), since in that analysis we ignored the 
cells at the edge of the coverslip. One interpretation of these 
findings is that, in addition to a reduced cell area, cell–cell con-
tact favors the transitions of the midbody remnant and PC for-
mation to occur efficiently.
Based on mathematical simulations, and supported by our 
experimental data, we propose a model of primary ciliogenesis 
that is mediated by the midbody remnant in which the transi-
tions of the remnant (loss or movement to a central position) 
and the beginning of the ciliogenesis process are controlled in a 
cell area–dependent manner by two cell area thresholds (Fig. 9). 
It is of note that the first threshold (∼400 µm2), which marks the 
transition from a peripheral to a central remnant, approximately 
coincides with the area of cells reaching confluence (Fig. S5 
F). The second threshold (∼200 µm2) marks the transitions to 
quiescence, full conservation of the remnant after cell division, 
and the beginning of ciliogenesis. Under our experimental 
conditions, most cells at day 9 (72.6 ± 10.2%) had a midbody 
remnant and hence had the potential to eventually form a PC, 
or had already formed a PC. Achieving higher percentages of 
ciliated cells requires an increase in the percentage of cells 
with one midbody remnant by new cycles of cell division or 
the elimination of the pool of cells without a remnant. Alterna-
tively, the remaining cells simply might not be able to ciliate, 
as occurs with a pool of 10% of IMCD3 cells, or to assemble a 
PC by the intracellular route, which is probably the case of the 
pool of 10% of ciliated IMCD3 cells that have a ciliary pocket 
(Molla-Herman et al., 2010).
Discussion
Our understanding of the process of primary ciliogenesis in po-
larized epithelial cells has advanced little since the classic EM 
work of Sorokin nearly 50 years ago. In that seminal contribu-
tion, it was proposed that in polarized epithelial cells, primary 
ciliogenesis occurs on the plasma membrane, unlike in other 
cell types, such as fibroblasts and smooth muscle cells, in which 
cilium assembly starts intracellularly (Sorokin, 1968). In this 
article, we have analyzed the process of primary ciliogenesis in 
polarized MDCK epithelial cells. We show that, once the sister 
cells have separated, the postmitotic midbody locates peripher-
ally at the apical surface for up to 4–10 h and concentrates ma-
chinery important for primary cilium growth, such as the Rab8, Figure 4. Rab8 is necessary for the movement of the midbody remnant. 
(A–D) Control cells (A and B) or cells stably expressing cherry-Rab8 (C and 
D) were transfected with siRNA control (siC) or targeted to Rab8 (siRab8). 
(A and C) Cells were stained for α- and γ-tubulin (α- and γ-tub). The green 
and red arrowheads point to the midbody remnant and the centrosome, 
respectively. The white arrowheads indicate the PCs. The asterisks in C 
mark the cells expressing cherry-Rab8. (B) The number of cells with a pe-
ripheral remnant or a PC was quantified in Rab8-knockdown cells and was 
expressed relative to that in siC-transfected cells. Data represent the mean 
+ SEM from three independent experiments (n = 381 control cells and 354 
Rab8-knockdown cells; two to three fields per experiment; Student’s t test). 
(D) The number of cells with a peripheral remnant or a PC was quantified 
in siRab8-transfected cells expressing cherry-Rab8 and was expressed rel-
ative to that in siC-transfected cells. Data represent the mean + SEM from 
three independent experiments (n = 294 control cells and 322 Rab8-knock-
down cells; three fields per experiment; Student’s t test). (E and F) Cells were 
transfected with siC or siIFT88. (E) Cells were stained for α- and γ-tubulin. 
The green and white arrowheads point to the midbody remnant and the 
PC, respectively. (F) The number of cells with a peripheral remnant or a 
PC in IFT88-knockdown cells is expressed relative to that in siC-transfected 
cells. Data represent the mean + SEM from three independent experiments 
(n = 1,201 control cells and n = 1,329 IFT88-knockdown cells; three fields 
per experiment; Student’s t test). (G) Panoramic EM image of an apical 
zone with a midbody remnant in a Rab8-knockdown cell (top) and en-
largements of serial sections of the remnant region from the same cell. The 
sections were numbered S1 onwards from the bottom to the top. Panels S2′ 
and S3′ show an enlargement of the boxed regions in S2 and S3, respec-
tively. Note that it appears that the remnant is connected to the rest of the 
cell by a thin tether, indicated by an empty arrowhead. Bars: (A, C, and E) 
5 µm; (G, panoramic view and S2–S12) 1 µm; (G, S2′ and S3′) 200 nm.
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IFT, and exocyst components. The postmitotic midbody rem-
nant then moves along the plasma membrane over 1–4 h carry-
ing this machinery toward the center of the apical surface where 
the centrosome is situated. Primary cilium formation begins 
once the two organelles have been proximal for 2–6 h. There-
fore, under our experimental conditions, the remnant remains 
associated with the cell membrane for 7–20 h before primary 
cilium assembly. Removal of the remnant greatly interferes 
Figure 5. A primary cilium forms once the 
midbody remnant becomes proximal to the 
centrosome. (A–C) Videomicroscopic analysis 
of PC formation. (A) XY projection of GFP- 
tubulin and dsRed-centrin during PC formation 
(top). The enlargements show the fluorescent 
signal in the boxed region for the proteins ana-
lyzed (bottom). The blue and white arrowheads 
indicate a microtubular connection between 
the midbody remnant and the centrosome and 
a nascent cilium, respectively. The green and 
red arrowheads point to the midbody rem-
nant and the centrosome, respectively. The 
dashed line indicates the cell contour. (B) 3D 
reconstruction of some of the images shown 
in A.  (C) XY projection of GFP-tubulin and 
their corresponding differential interference 
contrast (DIC) images during PC formation 
(bottom). The enlargement of the boxed re-
gion shows the distribution of tubulin at apical 
planes (middle). Nascent cilia are visualized 
in the XY projections as dots because they are 
perpendicular to the substrate. Green arrow-
heads point to the midbody remnant. The blue 
and white arrowheads indicate a microtubular 
extension similar to that observed in A and a 
nascent cilium, respectively. An XZ image of 
the cells after 260 min is included to show that 
the new profile that appears close to the mid-
body remnant (white arrowhead) is a nascent 
cilium (top). The dotted line indicates the plane 
used for the confocal XZ image. Bars, 2 µm.
Figure 6. Removal of the midbody remnant 
greatly interferes with PC formation in MDCK 
cells. (A) Representative images of the TUSP 
procedure. DIC, differential interference con-
trast; (B and C) TUSP was used to remove the 
midbody remnant (B, bottom). As a control 
(Ctrl), TUSP was applied to cells with a rem-
nant in a zone of the plasma membrane distant 
from it (B, top). After 24 h, the same cells were 
examined for the presence of a PC. The green 
and white arrowheads mark the midbody 
remnant and the PC, respectively. The circles 
indicate the plasma membrane zone subjected 
to TUSP. Bars, 3 µm. (C) The percentage of cili-
ated cells was quantified 24 h post-TUSP. Data 
represent the mean + SEM from six indepen-
dent experiments (n = 26 control cells and 27 
cells whose midbody remnant was removed; 
χ2 test). (D) The distribution of podocalyxin, 
ZO-1, and GFP-tubulin was analyzed in cells 
in which the remnant was removed by TUSP. 
The arrowheads point to the midbody rem-
nants, and the circles mark the plasma mem-
brane zone subjected to TUSP. Bars, 5 µm.
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with PC biogenesis, indicating that the remnant is necessary for 
the latter to occur. Our model explains PC biogenesis in epithe-
lial MDCK cells as a sequential process by which the daugh-
ter cell that inherits the midbody remnant forms a PC in a cell 
area–dependent manner. This process involves the movement of 
the remnant along the apical surface to enable the centrosome 
to form a primary cilium once the remnant and the centrosome 
become proximal. In addition to revealing the process of cilio-
genesis in polarized epithelial cells, which was our primary ob-
jective, we made the unexpected but significant discovery that 
the postmitotic midbody is involved in this process.
Previous studies established that although the cleavage 
furrow in polarized epithelial cells initiates coincidently at the 
apical and basal surfaces, the rate of furrow ingression is more 
rapid from the basal surface. This difference in the rate of in-
gression causes the intercellular bridge to form close to the api-
cal surface, near tight junctions (Reinsch and Karsenti, 1994; 
Morais-de-Sá and Sunkel, 2013). Consistent with these studies, 
we observed that cytokinesis does not occur at the middle re-
gion of the daughter cells but at the apical membrane of MDCK 
cells. Completion of cytokinesis requires both membrane and 
microtubule severing, the two processes being tightly cor-
related with abscission time (Steigemann et al., 2009; Chen et 
al., 2012). Severing the intercellular bridge can be symmetrical, 
when the abscission event takes place on both sides of the mid-
body, or asymmetrical, when it occurs only on one side. In the 
former case, the midbody is released, whereas the latter gives 
rise to asymmetrical midbody inheritance as one of the daugh-
ter cells receives the midbody remnant (Mierzwa and Gerlich, 
2014; Dionne et al., 2015). A previous study showed that dis-
assembly of the microtubule bundles of the intercellular bridge 
takes place on both sides of the midbody in epithelial MDCK 
cells (Elia et al., 2011). Although no large membrane bridge 
remnants were detected in that study by differential interference 
contrast microscopy, the technique cannot rule out the existence 
of a thin tether of plasma membrane connecting the midbody 
remnant to the rest of the cell. Our analysis of serial EM sec-
tions showed that this does occur in MDCK cells because pe-
ripheral and central remnants appear continuous with the tether, 
although the high contrast of the electrodense region with the 
density of the stalk might lead to the mistaken interpretation 
that they are discontinuous if only a few sections are examined. 
One possible explanation of this finding is that the severing of 
the membrane bridge on the side of the cell that inherits the 
remnant does not take place and that a thin tether with the rest of 
the cell is maintained during the movement of the remnant and 
in central remnants. A second scenario, which we consider less 
probable, is that severing of the plasma membrane is completed 
on both sides but that the midbody remnant remains on the cell 
surface and fuses thereafter with a thin protrusion of the cell.
The choice between release, conservation, or degradation of 
the midbody remnant depends on cell type and status (Marzesco 
Figure 7. Development of a mathematical 
model of primary ciliogenesis. (A) Plot of the 
single-cell measures of cell area for peripheral, 
central, and ciliary profiles. Three indepen-
dent experiments were performed (n = 406 
cells; two to five fields per experiment were 
examined). (B) Plot of the total number of cells 
(black dots) over time. Fitting of “fast” and 
“slow” dynamics (gray dashed lines) intersects 
at the transition point (2.68 d). Prediction of 
the total number of cells by a Hill function of 
the cell cycle using a Hill coefficient of 100 
(solid black line). (C) Plot of the number of cells 
with midbody remnant or PC versus the total 
number of cells. Two dynamic regimens that 
intersect at a total number of ∼73 cells are dis-
tinguished. Slope values less than 1 mean that 
a fraction of the new cells in the system does 
not conserve the remnant. Three independent 
experiments were performed (n = 207 to 847 
cells per time point; two to five fields per time 
point and per experiment) in B and C. (D) Ra-
tionale of the probabilistic population-based 
mathematical model. (i and ii) An initial set of 
cells is allowed to proliferate and develop up 
to a given time t.  (iii) Each individual cell in 
the population is defined as a numerical entity 
with four variables: its area, age, type, and 
cell cycle length (T). (iv) Cells can be in one 
of four distinct configurations depending on 
whether they lack or have a midbody remnant 
(MB) in a peripheral or central position or a 
ciliary structure. These configurations were 
named as no MB, peripheral, central, and 
ciliary, respectively. (v) The cell area for each 
individual cell in the population was obtained 
from a gamma distribution with standard devi-
ation equal to 30% of the mean. (vi) When the age of a cell reaches the duration of its cell cycle, a division event occurs and a new cell with a peripheral 
remnant is generated. (vii) Based on the experimental data, we set the probability of conserving the remnant as a Hill function of the cell area, with a 
transition point at 200 µm2. In the same way, the probability of transition from peripheral to central remnant (viii) and from central remnant to ciliary (ix) 
configurations were also set as Hill functions of the cell area at transition points of 400 and 200 µm2, respectively. (x) The cell cycle length of each individual 
cell was obtained from a Hill function of the cell area with transition at 200 µm2.
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et al., 2005; Pohl and Jentsch, 2009; Kuo et al., 2011; Salzmann 
et al., 2014), implying that its fate should be tightly regulated 
(Chen et al., 2013; Dionne et al., 2015). More than one rem-
nant accumulates in subpopulations of stem cell–like popula-
tions and cancer cells, the frequency being higher in the latter 
(Ettinger et al., 2011; Kuo et al., 2011). Stem cells and cancer 
cells enriched in midbody remnants exhibit increased repro-
gramming efficiency and in vitro tumorigenicity, respectively 
(Kuo et al., 2011). We observed that partial remnant loss occurs 
in MDCK cells during the rapid regimen of cell division. In 
contrast, conservation takes place thereafter, coinciding with 
the switch to a slow regimen of cell proliferation. If the remnant 
is to be lost, the tether must be severed, whereas it can remain 
uncut in the case of conservation, as appears from our EM anal-
ysis of peripheral and central remnants. Therefore, according 
to our model, the cell area regulates the loss or conservation 
of the remnant and thereby the severing of the remnant stalk. 
Shedding of membranous particles with midbody markers has 
been observed in neural progenitors, although no relationship 
between those particles and PC biogenesis was established (Du-
breuil et al., 2007). The endosomal sorting complex required for 
transport has a decisive role in the scission event of the inter-
cellular bridge membrane that leads to daughter cell separation 
(Chen et al., 2012; Fededa and Gerlich, 2012; Agromayor and 
Martin-Serrano, 2013). The loss of the midbody remnants in 
the final stages of PC formation and during the rapid regimen 
of MDCK cell division implies scission of the thin stalk that 
connects the remnants to the rest of the cell. Therefore, it is 
plausible that the endosomal sorting complex required for trans-
port machinery also mediates severing in both these occasions.
It was striking that, coinciding approximately with the es-
tablishment of cell–cell contacts, the midbody remnant moved 
along the apical membrane from the periphery to a central po-
sition in MDCK cells. Remnant movement in the plane of the 
plasma membrane has been observed after abscission in HeLa 
cells (Gromley et al., 2005). Because in MDCK cells a thin 
stalk appears to connect the peripheral and central remnants to 
the rest of the cell, it is feasible that the stalk mediates the move-
ment of the remnant to encounter the centrosome. We observed 
that this movement was impaired in Rab8-knockdown cells. 
This observation does not necessarily means that Rab8 is di-
rectly involved in the process but rather that Rab8 expression is 
required for it to take place. Although we cannot rule out other 
possibilities such as a role of Rab8 controlling the cytoskeleton, 
since the best known function of Rab8 relates to membrane traf-
ficking (Peränen, 2011; Barr, 2013), one possibility is that the 
effect of Rab8 knockdown on the movement of the remnant is 
likely caused by defects in the transport of proteins and/or lipids 
to the remnant zone that facilitate its movement.
We have observed accumulation of IFT subunits at the 
intercellular bridge, and previous studies have established the 
presence of exocyst subunits (Gromley et al., 2005) and Rab8 
(Kaplan and Reiner, 2011). Because postmitotic midbodies 
contain these and other proteins known to be important in cil-
iogenesis and because the proteomes of midbodies (Skop et al., 
2004) and PCs (Ishikawa et al., 2012) have a high degree of 
Figure 8. Primary ciliogenesis in MDCK cells is governed 
by constraints in cell area at the single-cell level. (A and B) 
Simulations (A) and superimposition of the experimental data 
(dots) shown in Fig. 1 F and the simulations (B). (C–E) A sin-
gle cell per disk was seeded on disk micropatterns of 700, 
1,100, and 1,600 µm2 (C) and incubated for 2 or 4 d to 
allow the colony to reach a size of four or eight to 12 cells, 
respectively (D). (D) Cells were then processed for immuno-
fluorescence analysis with antibodies to acetylated tubulin 
(Ac-tub), MKLP1, and γ-tubulin (γ-tub). Disk micropatterns with 
8–12 cells are shown. The green and white arrowheads indi-
cate the midbody remnant and PC, respectively. Nuclei were 
stained with DAPI. Bars: (C) 40 µm; (D) 6 µm. (E) The percent-
age of cells with either a midbody remnant or a PC relative to 
the total number of cells was determined after 2 or 4 d. Data 
represent the mean + SEM from three independent experi-
ments (n = 180 cells grown for 2 d and n = 524 cells grown 
for 4 d were analyzed from 45 disk micropatterns each; Stu-
dent’s t test). (F) The percentage of cells with a peripheral rem-
nant, a central remnant, or a PC relative to the total number 
of cells was determined after 4 d. (G) The cells at the edge or 
in internal positions on 700-µm2 micropatterns were analyzed 
for the presence of peripheral or central midbody remnants or 
a PC after 4 d. The results are expressed as the percentage of 
internal or edge cells with peripheral or central remnants or a 
PC relative to the total number of cells with the corresponding 
structure. Data in F and G represent the mean + SEM from 
three independent experiments (n = 176 cells analyzed from 
15 disk micropatterns; Student’s t test).
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overlap (Smith et al., 2011), one interesting possibility is that 
the connection of the remnant through the stalk facilitates the 
transfer of relevant material to the centrosome, once they are 
proximal. We have detected the establishment of a thin micro-
tubular connection between the remnant and the centrosome 
when the two organelles meet at the center of the apical surface 
(Fig. 5 A). This connection can facilitate transport of material 
or can be itself the means by which the midbody remnant en-
ables the centrosome for PC formation. A second possibility for 
the role of the remnant in ciliogenesis is that, because the PC 
has compact membranes at the ciliary base (Vieira et al., 2006) 
and these specialized membranes are required for PC formation 
(Reales et al., 2015), the stalk zone constitutes a compact mem-
brane domain used to form the ciliary base. A third possibility 
is that the presence of the remnant proximal to the centrosome 
promotes the signaling required for primary ciliogenesis.
We focused on the cell area in our analysis because it is 
easily and directly measured. Cells sense their chemical and me-
chanical context and divide when they sense space is available 
(Puliafito et al., 2012). Such behavior appears to be achieved 
by coupling cell division to cell distortion and to changes in 
the balance of mechanical forces within the cell (Huang and 
Ingber, 1999). In subconfluent cell culture conditions, cells 
are not physically constrained by their neighbors, the cells are 
extended and subjected to tensile stress, and no PC is formed 
(Pitaval et al., 2010). However, under conditions of limited cell 
area brought about by cell proliferation, cells become progres-
sively constrained by their neighbors and compressive stress 
replaces tensile stress (Trepat et al., 2009; Bazellières et al., 
2015). In accordance with this, we observe that the movement 
of the midbody remnant from a peripheral position to a central 
position takes place as the cell grows in height and reduces its 
area (Fig. 3 C). We also demonstrate that cells grown on disk 
micropatterns show a greater percentage of PCs and central 
remnants in cells occupying an internal position relative to the 
cells at the disk edge. This observation shows the importance of 
cell–cell contacts in the transitions of the remnants and the for-
mation of a PC. In contrast, primary ciliogenesis by the intracel-
lular route takes place efficiently in RPE1 cells in the absence 
of cell–cell contact (Pitaval et al., 2010). The events leading to 
reduction in cell area, increase in cell height, and movement 
of the midbody remnant as well as cell polarization and junc-
tion formation are probably related with a common cause in a 
way that becomes evident only when tight cell–cell contacts are 
established. We propose that the change from tensile to com-
pressive forces caused by cell–cell contacts in highly confluent 
MDCK cells (Ishikawa and Marshall, 2014), rather than the cell 
area per se, is the trigger at least for the conservation of the 
midbody remnant, its transition to a central position, and the 
beginning of ciliogenesis.
A relationship between the mother centriole and the inter-
cellular bridge has been documented (Piel et al., 2001; Jonsdot-
tir et al., 2010). In HeLa cells and L929 fibroblasts, the mother 
centriole moves transiently to the cell periphery to become prox-
imal to the intercellular bridge before abscission and then moves 
back to the cell center (Piel et al., 2001). Centriole movement 
Figure 9. Schematic of the proposed model of primary ciliogenesis in polarized epithelial cells. The transitions of the midbody remnant (release or move-
ment to a central position) and the beginning of the ciliogenesis process are controlled in a cell area–dependent manner by two cell area thresholds: a 
first threshold of ∼400 and a second of ∼200 µm2. For cell areas above the second threshold, the remnant is only partially conserved, whereas it is fully 
conserved for cell areas below it. With regard to the remnant location, it locates peripherally in the apical surface at cell areas above a first threshold. 
When the area of the cell is between the first and a second threshold, it moves toward the center of the apical membrane to meet the centrosome, and 
this transition generates a pool of cells ready to start ciliogenesis. When the area of the cells falls below the second threshold, cells continue dividing and 
generating new midbody remnants that move to the cell center and enable ciliogenesis. Successive cycles of cell division (only one cycle is represented) 
increase the number of cells with a midbody remnant and, subsequently, the number of ciliated cells. In this way, the percentage of nonciliated cells be-
comes progressively smaller. Cell area reduction is produced by occupancy of the room of the mother cell by the daughter cells or compression of a cell 
by cells that divide in its proximity. Black lines represent cell divisions; blue and green arrows represent midbody remnant transitions (loss or peripheral to 
central movement) and PC formation, respectively.
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was found to be highly dependent on cell line (Jonsdottir et 
al., 2010). Under certain conditions, the mother centriole was 
found even inside the intercellular bridge, very proximal to the 
midbody. The exocyst (Gromley et al., 2005), Rab8 (Kaplan 
and Reiner, 2011), and IFT subunits (Fig. S1, F–H) are pres-
ent in the intercellular bridge. Therefore, it is plausible that, in 
addition to enabling cytokinesis completion as was originally 
proposed (Piel et al., 2001), the mother centriole recruits these 
or other materials from the midbody in some cell types. These 
materials could work in conjunction with membranes obtained 
from the Golgi or, as reported in neuroepithelial cells (Pari-
daen et al., 2013), with remnants of the ciliary membrane of 
the mother cell to form the ciliary vesicle in cells relying on the 
intracellular pathway of ciliogenesis. In cells in which the post-
mitotic midbody follows the autophagic route, materials from 
the remnant could also contribute to form the ciliary vesicle.
Our model of cilium formation is tightly linked to cell divi-
sion, a process so inherent to life that the same basic mechanism 
of ciliogenesis that we propose could conceivably have operated 
early on in ciliary evolution using remnants of a primitive, mi-
crotubule-containing intercellular bridge. This view is somehow 
reminiscent of the model of Satir et al. (2007), which proposes 
that the evolutionary origin of the cilium is a microtubule-con-
taining virus instead of the bridge remnant, as in our model.
The three microtubule-based organelles—the centrosome, 
the cilium, and the midbody—were discovered in the second 
half of the 19th century. The link between the centrosome and 
cell division was soon realized and subsequently thoroughly in-
vestigated, whereas research into the other two organelles has 
intensified only in recent years. Our finding that the postmitotic 
midbody enables PC formation reveals an unexpected role of 
the midbody in primary ciliogenesis and highlights a new bio-
logical mechanism that functionally links the midbody with the 
other two microtubule-based organelles.
Materials and methods
Antibodies and reagents
The sources of the antibodies to the different markers were as fol-
lows. IFT20 (rabbit polyclonal; used at 1/200; HPA021376), γ-tubulin 
(rabbit polyclonal; used at 1/2,000; T3559); mouse mAb IgG1 (clone 
GTU-88; used at 1/2,000; T6557), total α-tubulin (mouse mAb IgG1, 
clone DM1A; used at 1/500; T9026), and Rab8 (rabbit polyclonal; used 
at 1/500; R5530) used in immunoblotting experiments were obtained 
from Sigma-Aldrich. Rab8 (mouse mAb IgG2b, clone 4/Rab4; used 
at 1/100; 610844) used for immunofluorescence analysis was obtained 
from BD. Tyrosinated α-tubulin (rat mAb IgG2a, clone YL1/2; used 
at 1/500; MA1-80017) was purchased from Thermo Fisher Scientific. 
Exo70 (mouse mAb IgG2b, clone 70X13F3; used at 1/200) was pur-
chased from Kerafast. Podocalyxin/gp135 (mouse mAb IgG1; used at 
1/500; 3F2/D8) and ZO-1 (rat mAb IgG1; used at 1/500; R26.4C) were 
purchased from Developmental Studies Hybridoma Bank. MKLP1 
(rabbit polyclonal; used at 1/500; sc-867) and β-catenin (rabbit poly-
clonal; used at 1/500; sc-7199) were obtained from Santa Cruz Bio-
technology, Inc. PRC1 (mouse mAb IgG2b, clone 16F2; used at 1/200; 
MA1-846), IFT88 (rabbit polyclonal; used at 1/100; 13967-1-AP), and 
IFT81 (rabbit polyclonal; used at 1/100; 11744-1-AP) were obtained 
from Proteintech. Hepatocyte growth factor (product GF116) was ob-
tained from EMD Millipore. DAPI stain was purchased from Thermo 
Fisher Scientific. Fluorescent phalloidin and secondary antibodies con-
jugated to Alexa Fluor 488, 594, or 647 were purchased from Invitrogen.
Cell culture
Epithelial canine MDCK II (CRL2936), IMCD3 (CRL2123), and RPE1 
(CRL4000) cells were obtained from ATCC. Cells were grown in MEM 
supplemented with 5% FBS (Sigma-Aldrich) at 37°C in an atmosphere 
of 5% CO2. Mycoplasma testing was regularly performed. For immu-
nofluorescence analysis, 5.0 × 105 cells were seeded on 12-mm poly-
carbonate membranes of 0.2-µm pore size (Costar Transwell; Corning). 
For the quantitative analyses in Figs. 1 F, 7 (A–C), and S5 (C–E), 
2.5 × 104 MDCK cells were plated onto coverslips maintained in 24-
well multiwell plates and grown for the indicated times. Under these 
conditions, a mean of 18 cells per field were visualized with a 63× 
objective under our microscope 12  h after plating. Cells were then 
analyzed for α- and γ-tubulin staining and by differential interference 
contrast microscopy. Cells with both a PC and midbody remnant were 
assigned to the PC group. We cannot rule out that a small fraction of 
short PCs were scored as central midbody remnants in Fig. 1 F.
DNA constructs, siRNA, and transfection conditions
The DNA constructs expressing dsRed-centrin2 (Tanaka et al., 2004; 
plasmid 29523; Addgene) and GFP-PRC1 (Hu et al., 2012) were gifts 
from J. Gleeson (University of California, San Diego, La Jolla, CA) 
and C.-K.  Hu (University of Stanford, Stanford, CA), respectively. 
The constructs expressing GFP- or cherry-tubulin were obtained from 
Takara Bio Inc. For transient transfection of DNA constructs, cells 
were transfected with Lipofectamine 2000 (Thermo Fisher Scientific) 
according to the manufacturer’s recommendations. The construct ex-
pressing GFP-IFT20 was generated by cloning the IFT20 coding se-
quence, which was obtained by PCR using specific primers and human 
IFT20 cDNA (IMA GE clone 3907361; Source Bioscience) as template, 
in the pEGFP-C1 expression vector (Takara Bio Inc.). Stably trans-
fected cells were generated by transfection and selection with 1 mg/ml 
G-418 (Thermo Fisher Scientific). The resulting clones were screened 
under a fluorescence microscope. 1.0 × 106 cells were transfected with 
20 nM siRNA negative control (siC) Hi GC (product 12935-500) or 
20 nM siRNA targeted to Rab8a (siRab8, 5′-GAC AAG UUU CCA 
AGG AACG-3′) or IFT88 (siIFT88, 5′-UCG UCU AAG GCA AAU 
GGA ACG UGAA-3′; Thermo Fisher Scientific) by electroporation in 
an Amaxa apparatus running the L-005 program. After overnight in-
cubation, cells were washed three times and resuspended in fresh me-
dium. Rab8 and IFT88 knockdown was verified by immunoblotting 
72 h after transfection.
Immunofluorescence and time-lapse microscopic analyses
Cells were fixed in formalin for 20 min, rinsed, and treated with 10 mM 
glycine in PBS for 5 min to quench the aldehyde groups. Cells were 
then washed, permeabilized or not with 0.1% Triton X-100 in PBS at 
4°C for 10 min, rinsed, incubated with 3% (wt/vol) BSA for 15 min, 
and incubated with the primary antibody. For γ-tubulin staining, cells 
were fixed with cold methanol for 5 min. After 1 h at room tempera-
ture, cells were washed and incubated with the appropriate fluorescent 
secondary antibody. For double-labeling experiments, the same proce-
dure was repeated for the second primary antibody. Cells were mounted 
in coverslips using ProLong Gold antifade reagent (Thermo Fisher 
Scientific). For selective labeling of the apical surface, 0.25 mg/ml 
sulfo-NHS-biotin (Thermo Fisher Scientific) were added to confluent 
monolayers of MDCK cells. After 30 min at 4°C, the solution was re-
moved and the remaining unreacted biotin was quenched by incubation 
with ice-cold serum-free MEM. The biotin groups were detected by 
incubation with streptavidin–Alexa Fluor 555 (Thermo Fisher Scien-
tific) for 30 min. Images were obtained using an LSM 710 confocal 
microscope (ZEI SS) with a 63× oil objective and a numerical aperture 
of 1.4. The projection of one to three apical planes is shown in the XY 
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images of cells grown on Transwells. For time-lapse fluorescence mi-
croscopy, we used a Nikon A1R confocal microscope with 60× water 
objective and a numerical aperture of 1.2. For 3D reconstruction, we 
used NIS-Elements microscope imaging software (Nikon). Cells were 
plated onto 35-mm glass-bottom dishes (MatTek) and maintained at 
37°C in MEM without phenol red supplemented with 0.25% fetal bo-
vine serum during the recording. Immunofluorescence and time-lapse 
experiments were performed at least four independent times, and im-
ages shown are representative from samples that were used for quanti-
fication. Brightness and contrast were optimized with ImageJ (National 
Institutes of Health) and Photoshop (Adobe Systems). Quantifications 
were performed using ImageJ.
Electron microscopy and 3D reconstruction
Cells grown on Transwell filters were fixed with 4% paraformaldehyde 
and 2% glutaraldehyde for 90 min at RT. Cell samples were then pro-
cessed for embedding in Epoxy, TAAB 812 Resin (TAAB Laborato-
ries) according to standard procedures. The samples were processed 
for sequential 80-nm ultrathin sections perpendicular to the plane of 
the cell monolayer. The obtained sections were numbered as S1 on-
wards. Sections were stained with saturated uranyl acetate and lead 
citrate by standard procedures. Samples were examined at 80 kV in 
an electron microscope (JEM-1010; Jeol). Pictures were taken with a 
TemCam-F416 (4,000 by 4,000-pixel) digital camera (TVI PS). For 3D 
reconstruction (Fig. 3 E and Video 5), EM images from a stack of 21 
sequential sections (Fig. S3 B) were binned twice to give an effective 
pixel size at the specimen level of 4 nm. The EM image series were 
aligned with the IMOD software tool (Kremer et al., 1996). Structural 
features that were unequivocally identified in adjacent sections, with a 
particular focus on microvilli and discernible cytoplasmic structures, 
were manually selected and used as fiducial markers to guide the align-
ment. Full linear transformation was used to align each pair of suc-
cessive sections independently. The 3D reconstruction was finalized 
by transforming each section into a common alignment in which the 
section located in the middle of the stack acted as a reference. The 3D 
reconstruction was modeled with IMOD by manually tracing the con-
tour of the features of interest, particularly midbody remnants, plasma 
membrane, and microvilli along the sections of the EM stack (Fig. S3 
B). The modeled reconstruction was visualized in 3D by surface ren-
dering (Fig. 3 E and Video 5). As individual sections had a nominal 
thickness of 80 nm and we used a stack of 21 sections, the total thick-
ness of the 3D reconstruction was ∼1.68 µm.
Midbody remnant removal
A mixed population of cells stably expressing or not expressing GFP- 
tubulin, which was used to visualize the midbody remnant, were grown 
for 4 d to generate a confluent monolayer. By using a glass pipette hitched 
to a patch-clamp equipment, remnants were removed by aspiration by 
TUSP (Video 7). Cell visualization was performed with a microscope 
(BX51; Olympus), using bright field and epifluorescence illumination. 
TUSP was assisted with Sutter MP-225 motorized micromanipulators. 
As a control, TUSP was applied to cells in a zone of the plasma mem-
brane distant from the remnant. Cells were fixed 24 h post-TUSP and an-
alyzed for the presence of PC. TUSP was performed on cells within areas 
previously labeled in the coverslips. The fluorescence pattern of the cells 
in the same area served to unambiguously identify TUSP-treated cells.
Micropatterned cell culture
MDCK cells were cultured on micropatterned glass coverslips (CYT 
OOchips; CYT OO). Disk-shaped micropatterns of different area (700, 
1,100, and 1,600 µm2) were used. 35,000 cells/chip were seeded and 
then washed and incubated according to the manufacturer’s instructions.
Statistical analysis
In Fig. 6 C, χ2 test was used because of the categorical nature of the 
data. Data in the rest of the figures were analyzed using Student’s t test.
Mathematical model
Calculation of cell cycle duration and Hill coefficient for the mean 
proliferation dynamics of the population. The number of cells over 
time follows the equation
  A ( t ) = A ( 0 ) 2 t/T(t) , (1)
where A(t) is the number of cells at any given time t, A(0) is the ini-
tial number of cells, and T(t) is the mean cell cycle in the population 
that can change over time. Plot of the total number of cells over time 
(Fig. 7 B, black dots) from multiple experiments showed two distinct 
regimes of cell proliferation dynamics with a transition of 2.5–3.0 d.   
These “fast” and “slow” regimes can be fitted to Eq. 1 for constant 
values of the duration of the cell cycle of 0.85 and 22 d, respectively 
(Fig. 7 B, dashed gray lines). The long duration of the cell cycle calcu-
lated for this regimen can be explained in biological terms by assuming 
that all the cells divided slowly instead of a small proportion doing so 
at a normal rate. For the cell population model, cell cycle length T(t) is 
assumed to follow a Hill function of the form
  T ( t ) =  
 T max +  ( T min​−​​T max )   _____________
1 +  ( t __ S) 
h
 
 (2)
between minimum (Tmin = 0.85 d) and maximum (Tmax = 22 d) val-
ues, where S is the transition point. The transition point (2.68 d) was 
calculated as the intersection between the two dashed gray lines. The 
cell area at the transition point (212 µm2) was estimated by dividing 
the total cell area (15,647 µm2; see next paragraph) by the number of 
cells in the system predicted by Eq. 1 at 2.68 d. The Hill coefficient 
h (a measure of the sharpness of the transition between the fast- and 
slow-proliferating regimes shown in Fig.  7 B) was calculated by di-
rectly fitting Eq. 1 to the experimental value of the total number of cells 
for different values of h. The calculated number of cells (Fig. 7 B, solid 
black line) provided a good fit of the experimental data for values of 
h > 100, which corresponds to a very sharp transition in the mean cell 
cycle duration of the cell population. For simplicity, the same value 
(h = 100) of the Hill coefficient was used for the other Hill functions in 
the cell population–based simulation.
Calculation of the individual cell area in the simulations. The 
effective total area occupied by the cells was estimated from data from 
single-cell area measurements at days 6, 7, and 9 by multiplying the 
mean cell area at each time by the total number of cells present at those 
times. The mean of the three values was used to calculate the total area 
(15,647 µm2) occupied by the cells (Fig. S5 D). The single-cell mea-
surements of cell area for a population of cells at any time fitted to a 
gamma distribution with a 30% SD from the mean value at each time 
(as an example, see Fig. S5 E for day 2). Based on this observation, we 
set the area of each cell in the simulation as a random value sampled 
from a theoretical gamma distribution calculated for each time point 
by dividing the total area occupied by the number of cells at each time 
point (Fig. S5 C, small dots). The experimental mean cell area was cal-
culated by dividing the effective area of the system by the mean number 
of cells at each time point (Fig. S5 C, large dots).
Calculation of the number of cells that conserve the midbody 
remnant. A newly formed midbody remnant with a peripheral distribu-
tion is inherited by one of the daughter cells after cell division. How-
ever, our time-lapse microscopic analysis showed that cells could lose 
the remnant (Video 9). We also observed that cell divisions of a mother 
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cell with one remnant generated two daughter cells with one remnant 
each (Video 10). To estimate the number of cells that have a remnant, 
we plot the number of cells with a remnant or a PC versus the total 
number of cells in the population. The plot revealed the existence of 
two linear regimens (Fig. 7 C). For low total cell numbers, the slope of 
the linear fitting was 0.32, suggesting that a fraction of newly generated 
cells did not conserve the remnant. For high cell numbers, the slope is 
practically 1.0, which means that all the new cells conserved the rem-
nant. The point where the two linear fittings cross (73 cells) gives the 
transition point between the two regimens. The cell area corresponding 
to this transition (214 µm2) was obtained by dividing the effective total 
area occupied by the cells (15,647 µm2) by the number of cells (73 
cells). The value of 214 µm2 for this transition was used for the numer-
ical simulation of the system.
Cell population-based simulations of the system. Simulations 
were performed using a Matlab (MathWorks) script developed in-
house. Each simulation proceeded as follows: an initial number of 18 
cells (this value was obtained from the mean of the initial number of 
cells in the microscope field in the experiments of Fig. 1 F) without a 
midbody remnant are plated on day 0 of the simulation (Fig. 7 D, i). 
For each cell in the population, we set a value of its individual area as 
explained in “Calculation of the individual cell area in the simulations” 
(Fig. 7 D, v). Each given cell in the simulation undergoes mitosis as 
soon as its age exceeds its cell cycle duration (Fig. 7 D, vi).
Based on the experimental data, we set the various transitions 
observed (cell cycle length, midbody remnant conservation, movement 
of the remnant from a peripheral to a central position, and the start of 
ciliogenesis) in the form of Hill functions of the cell area. In this way, 
we eliminated the dependence of the transitions on the time elapsed 
since cells were plated.
For the cell cycle length, Eq. 2 was rewritten as
  T ( A ) =  
 T max +  ( T min​−​​T max )   _____________
1 +  ( A __S) 
h
 
 , 
where the inflection of the curve was set as the cell area at 2.68 d (S = 
212 µm2) and the Hill coefficient calculated earlier (h = 100; Fig. 7 D, x).
The probability that cells have a midbody remnant was also set 
as a Hill function of the cell area in the form
  P ( A ) =  
 P max +  ( P min​−​​P max )   _____________
1 +  ( A __S) 
h
 
 , 
where P(A) is the probability of conserving the remnant per time step, 
and Pmax and Pmin are the maximum and minimum probability, respec-
tively. The transition point was set as the cell area when the system 
contains 73 cells (S = 214 µm2). The probability of conserving the rem-
nant before the transition point was set as 0.3, based on the value of 
the slope of the linear fitting (value per time step = 0.31/T = 0.943). 
As time goes by, the increasing number of cells results in a reduc-
tion in the cell area (Fig. S5 C). After the transition point (that is, 
when the mean cell area is less than 214 µm2), cells conserved the 
remnant (Pmax = 1). The Hill coefficient was also assumed as being 
h = 100 (Fig. 7 D, vii).
Based on our experimental data (Fig. 7 A), the transition from a 
peripheral to a central remnant can take place if the cell area is less than 
400 µm2. In addition, cells with a central remnant can become ciliated 
if their area is less than 200 µm2. The probabilities of these two tran-
sitions were also defined as Hill functions of the cell area, from a zero 
value to a constant probability that is modulated to fit the final number 
of cells in each configuration (Fig. 7 D, viii and ix). Each simulation 
produces a slightly different outcome in the population of cells because 
we introduce variability in the value of the cell area to represent the ex-
perimental distribution of cell areas (Fig. 8 A, solid lines). For the sake 
of simplicity, for the simulation the calculated values for the transition 
for cell cycle (212 µm2) and the probability of conserving the remnant 
(214 µm2) were set as 200 µm2 (same the value of the cell area where 
the first cells with a PC appear). In this way, we simplified the system 
by using just two transition points: 200 and 400 µm2.
Online supplemental material
Fig. S1 shows the distribution of ciliary markers in MDCK cells 
during interphase and in cytokinesis. Fig. S2 shows a complete 
series of EM sections of a peripheral midbody remnant and a second 
example of peripheral remnant. Fig. S3 shows a complete series of 
EM sections of a remnant proximal to the centrosome at the middle 
of the apical membrane. Fig. S4 shows controls of cell polarization 
of Rab8-knockdown cells, a complete series of EM sections of a 
remnant in Rab8-knockdown cells, and the dynamics of the remnant 
in IMCD3 cells. Fig. S5 shows controls of membrane integrity of 
TUSP-treated cells and measures of cell area over time. Video  1 
shows the formation of the intercellular bridge at the apical surface 
and the inheritance of the postmitotic midbody. Videos 2–4 show the 
movement of the midbody remnant to the center of the cell. Video 5 
shows a 3D reconstruction of the midbody remnant at the center of the 
apical membrane. Video 6 shows the dynamics of the remnant during 
PC formation. Video  7 shows an example of the TUSP procedure. 
Video 8 shows that cells whose midbody remnant is removed by TUSP 
remain viable. Videos 9 and 10 show examples of a cell that loses the 
remnant and of cells that conserve it and divide to give rise to two 
daughter cells with a remnant each. Online supplemental material is 
available at http ://www .jcb .org /cgi /content /full /jcb .201601020 /DC1. 
Additional data are available in the JCB DataViewer at http ://dx .doi 
.org /10 .1083 /jcb .201601020 .dv.
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Figure S1. Distribution of different ciliary markers in interphase cells and during cytokinesis. MDCK cells stably expressing dsRed-centrin grown for 
4 d were stained for IFT20 and Exo70 (A) and for α-tubulin (α-tub) and IFT88 (B) or IFT81 (C). Shown is the projection of one to three apical planes of 
one representative example of each of the discrete distributions patterns found. The enlargement shows the fluorescent signal in the boxed region of the 
different proteins analyzed. White arrowheads point to the centrioles, and green arrowheads point to the peripheral and central structures. Bars, 2 µm. 
(D) Cells expressing dsRed-centrin were stained for α-tubulin and MKLP1. The enlargements show the fluorescent signal for α-tubulin and MKLP1 in the boxed 
region. (E) Cells with a peripheral profile expressing dsRed-centrin and GFP-PRC1 were stained for IFT20. The enlargements show the fluorescent signal for 
IFT20 and GFP-PRC1 in the boxed region. The white and green arrowheads in D and E indicate the centrosome and the midbody remnant, respectively. 
The dashed line in A–E indicates the cell contour. (F and G) MDCK (F) and RPE1 (G) cells in cytokinesis were processed for immunofluorescence analysis 
with antibodies to the indicated markers. (H) MDCK cells (top) and RPE1 cells (bottom) expressing GFP-IFT20 were fixed and stained for α-tubulin. Only the 
intercellular bridge is shown in F–H. Bars: (A–E) 2 µm; (F–H) 3 µm.
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Figure S2. EM analysis of peripheral midbody remnants. (A) Orthogonal EM section series of the peripheral midbody remnant shown in Fig. 2 D. The 
images are serial sections from the same cell. The sections are numbered sequentially S1 onwards from the back to the front. The midbody remnant was 
identified by characteristic microtubular pattern and electrodense ultrastructure. Bar, 500 nm. (B) EM micrograph of second example of a cell with a pe-
ripheral midbody remnant and enlargements of serial sections of the same remnant. Asterisks indicate the cell junctions. The sections were numbered S1 
onwards from the back to the front. Bars: (panoramic view) 3 µm; (enlargements) 500 nm.
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Figure S3. EM analysis of a central midbody remnant. (A) XY confocal stack of cells coexpressing GFP-tubulin and cherry-Rab8 during the movement of 
the midbody remnant. The green and the red arrowheads point to the midbody remnant pool of tubulin and Rab8, respectively. Bar, 5 µm. (B) EM analysis 
of a midbody remnant proximal to the centrosome. The sections are numbered sequentially S1 onwards from the front to the back. These images were used 
for the 3D reconstruction shown in Fig. 3 E and Video 5. The images are serial sections from the same cell. The black arrowhead indicates the midbody 
remnant, and the arrow marks the mother centriole, which was identified by the presence of characteristic distal appendages. Bar, 500 nm. 
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Figure S4. Rab8 knockdown affects neither the duration of the cell cycle nor cell polarity. (A–D) MDCK cells were transfected with siC or siRab8 (A and B) 
or IFT88 (C and D). Total cell extracts (A) or IFT88 immunoprecipitates (C) were analyzed by immunoblotting with antibodies to α-tubulin (α-tub) and Rab8 
or IFT88 as indicated. The position of molecular mass markers is shown on the left of each blot. The levels of Rab8 (B) and IFT88 (D) were quantified. Data 
represent the mean + SEM from three independent experiments (Student’s t test). (E and F) Videomicroscopic analysis of Rab8-knockdown cells expressing 
GFP-tubulin during cytokinesis (E). The duration of cytokinesis was measured in control and Rab8-knockdown cells (F). Data represent the mean + SD from 
at least three independent experiments (n = 16 cells from each type). (G) The distribution of ZO-1 and podocalyxin (top) and of β-catenin (β-cat) and F-actin 
(bottom) was analyzed in control and Rab8-knockdown cells. (H) Horizontal EM section series of the midbody remnant of Rab8-knockdown cells shown in 
Fig. 4 G. The images are serial sections from the same cell. The sections are numbered sequentially S1 onwards from the bottom to the top. Note the pro-
gressive loss of microvilli at the top sections. Bar, 500 nm. (I and J) Videomicroscopic analysis of IMCD3 cells transiently expressing GFP-tubulin during cell 
division (I) or primary cilium elongation (J). The corresponding differential interference contrast (DIC) images are shown superimposed to the fluorescence 
images. White and black arrowheads indicate the midbody remnant and the axoneme, respectively. Bars, 5 µm.
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Figure S5. Cell polarity and integrity of the plasma membrane are normal after midbody removal. (A) The distribution of F-actin, β-catenin, and GFP- 
tubulin was analyzed in cells grown in coverslips in which the midbody remnant was removed by TUSP. (B) Cells expressing GFP-tubulin grown on coverslips 
were subjected to TUSP to remove the remnant and were left untreated (top) or, as a control, were permeabilized with 0.1% saponin (bottom). Cells were 
then incubated with a non–membrane-permeant protein biotinylation reagent and stained for F-actin and with fluorescent streptavidin to detect biotinylated 
proteins. XY and XZ projections are shown. Note that internal biotinylation is detected only in permeabilized cells. In A and B, the dotted lines indicate the 
plane used for the confocal XZ images shown on the right. The arrowheads point to midbody remnants, and the circles mark the plasma membrane zone 
subjected to TUSP. Bars, 5 µm. (C) Comparison of experimental and predicted values of cell area over time. Small dots represent the cell area resulting 
from 20 independent simulations. Large dots represent the experimental mean cell area, calculated by dividing the effective area of the system by the mean 
number of cells at each time point. Error bars represent SEM. (D) To estimate the effective total area occupied by the cells in the field of our microscope, we 
first calculated the mean area obtained from single-cell area measurements at days 6, 7, and 9 and multiplied it by the total number of cells at those times. 
The mean value of the 3 d (15,647 µm2), which corresponds to the dashed line, was then used as the effective total area occupied by the cells in the simu-
lations. Data represent the mean ± SEM from three independent experiments (n = 35 peripheral, 35 central, and 36 ciliary cells; two fields per experiment 
were analyzed). (E) Histogram of single-cell area distribution at day 2. The cell areas were individually measured and represented in 50-µm2 intervals. The 
dashed line indicates the mean value. The continuous line represents the gamma distribution of the mean and 30% SD. Pooled data from three indepen-
dent experiments (n = 159 cells) were used. (F) MDCK cells were stained for E-cadherin and F-actin, and the mean cell area was measured. Bar, 30 µm.
Video 1. 3D reconstruction of the intercellular bridge at the apical surface and inheritance of the midbody. Cherry-tubulin was 
transiently expressed in MDCK cells. The images were pseudocolored based on height using the color scale on the left. Images 
were captured every 2 min. Arrowheads point to the postmitotic midbody.
Video 2. Movement of the midbody remnant from a peripheral position to the center of the apical surface. Cherry-tubulin was 
transiently expressed in MDCK cells stably expressing GFP-PRC1. Images were captured every 5 min. Green and red arrowheads 
point to the GFP-PRC1 and the cherry-tubulin label within the midbody remnant, respectively.
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Video 3. Encounter of the midbody remnant and the centrosome at the cell apex. MDCK cells stably coexpressing GFP-tubulin 
and dsRed-centrin were used. Images were captured every 5 min. Green and red arrowheads point to the midbody and the two 
centrioles, respectively.
Video 4. 3D reconstruction of the movement of the midbody remnant from a peripheral position to the center of the apical 
surface. MDCK cells stably expressing GFP-tubulin were used. The images were pseudocolored based on height using the color 
scale on the right. Images were captured every 5 min. 
Video 5. 3D reconstruction showing a central midbody remnant embraced by microvilli. The reconstruction was done using the 
EM images shown in Fig. S3 B. The midbody remnant is colored in red, the tether is highlighted in dark red, and the adjacent 
apical membrane is in gray. 
Video 6. 3D reconstruction of the dynamics of PC formation. MDCK cells stably expressing GFP-tubulin and dsRed-centrin were 
used. Images were captured every 5 min during the first 90 min and every 15 min afterward. Green and red arrowheads point 
to the midbody remnant and centrioles, respectively. The white arrowhead points to a nascent PC.
Video 7. Videomicroscopy of the TUSP procedure. MDCK cells were stably transfected with GFP-tubulin. Different confocal 
planes of the same cell before and after TUSP are shown to visualize the presence or absence of the midbody remnant. DIC im-
ages are shown superimposed to the fluorescence images during the process of aspiration of the remnant. Images were captured 
in real time. The arrowhead marks the midbody remnant.
Video 8. Cells whose midbody is removed by TUSP remain viable. Confluent monolayers of pools of MDCK cells stably express-
ing or not expressing GFP-PRC1 were grown. The midbody remnant indicated by a white arrowhead was removed by TUSP. 
Cells are shown before and after TUSP. Cells were then incubated in the presence of 30 ng/ml hepatocyte growth factor and 
subjected to videomicroscopy for 11 h and 53 min. Images were captured every 23 min. The black arrowhead marks the cell 
whose midbody remnant was removed.
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Video 9. Midbody remnant loss. MDCK cells stably expressing GFP-tubulin were subjected to time-lapse videomicroscopy. Note 
the loss of the midbody remnant. Images were captured every 1 h. The arrowhead points to the midbody remnant.
Video 10. Division of cells with a peripheral or a central midbody remnant generates two daughter cells with a peripheral 
remnant each. MDCK cells stably expressing GFP-PRC1 were subjected to time-lapse videomicroscopy. Images were captured 
every 23 min. The arrowheads point to midbody remnants.
MATERIALS AND METHODS AND RESULTS 
 
31 
 
 
Physical removal of the midbody remnant from polarised epithelial cells using take-
up by suction pressure (TUSP) 
 
Miguel Bernabé-Rubio, David C. Gershlick, Miguel A. Alonso. 
Publicado en abril de 2017 en Bio-protocol 7(8): e2244.  
doi: https://doi.org/10.21769/BioProtoc.2244 
 
RESUMEN 
El cuerpo medio o el cuerpo de Flemming es la estructura central del puente intercelular 
que conecta las dos células hijas durante la citocinesis. Una vez roto el puente en un 
proceso conocido como abscisión, el remanente del cuerpo medio puede ser heredado por 
una de las dos células si el corte se da en un solo sitio del puente. Además de su conocida 
función en la regulación del proceso de citocinesis, diversos estudios han empezado a 
desvelar que el remanente del cuerpo medio está implicado en procesos post-mitóticos. Se 
ha demostrado que este remanente es crucial para la formación del cilio primario en células 
epiteliales polarizadas, y que es un determinante tanto de la polaridad como de la 
diferenciación celular. Para demostrar la implicación del remanente del cuerpo medio en 
diversos procesos celulares, hemos diseñado un método para eliminarlo físicamente de la 
superficie apical de las células, y así poder evaluar las consecuencias de su pérdida. Este 
nuevo método consiste en la utilización de un equipo de patch-clamp conectado a una 
micropipeta de cristal, a través de la cual se aplica presión negativa para aspirar el 
remanente del cuerpo medio y así eliminarlo de la célula. 
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[Abstract] In polarised epithelial cells the midbody forms at the apical cell surface during cytokinesis. 
Once severed, the midbody is inherited by one of the daughter cells remaining tethered to the apical 
plasma membrane where it participates in non-cytokinetic processes, such as primary ciliogenesis. Here, 
we describe a novel method to physically remove the midbody remnant from cells and assess the 
possible effects caused by its loss (Bernabé-Rubio et al., 2016). 
Keywords: Epithelial cells, Midbody remnant, Primary cilium, Suction pressure, Patch-clamp equipment 
 
[Background] The midbody or the Flemming body is the central part of the intercellular bridge formed 
between daughter cells during the final stages of mitosis. The abscission on either side of the bridge by 
the endosomal sorting complexes required for transport (ESCRT) machinery, results in the physical 
separation of the two daughter cells (Green et al., 2012). In addition to its known function in the 
regulation of mitosis, recent studies have begun to elucidate post-mitotic roles for the midbody. Due to 
its role in the initiation of lumen formation in kidney cells, the midbody has been postulated to serve as 
a polarity cue (Li et al., 2014). More recently, it has been demonstrated that the midbody remnant is 
directly involved in primary ciliogenesis by polarised Madin-Darby canine kidney (MDCK) cells 
(Bernabé-Rubio et al., 2016). It has been also found to have a role in formation of the dorsoventral axis 
during the development of Caenorhabditis elegans (Singh and Pohl, 2014), and in defining cell fate and 
differentiation (Kuo et al., 2011). Previous studies have used laser ablation to impair the function of the 
midbody remnant. When performed in cultured cell lines, however, laser ablation can result in cell death 
due to damage of the plasma membrane and proximal cytosolic elements. Accordingly, we have 
designed a gentle procedure, which we have called ‘take-up by suction pressure’ (TUSP). TUSP allows 
non-deleterious midbody remnant removal from the cell surface of epithelial cells. The fundamental 
principle is based on using a fine-aperture glass pipette attached to patch-clamp apparatus to physically 
remove the midbody with applied negative pressure (Figure 1). 
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Figure 1. Diagram of the TUSP procedure. A. An apical intercellular bridge forms during 
cytokinesis in polarised epithelial cells. B. After abscission, one of the daughter cells inherits the 
midbody as a remnant, which will be positioned over the apical cell surface. C-E. By using a 
glass pipette connected to path-clamp apparatus, the midbody remnant can be removed from 
cells if suction pressure is applied.  
 
Materials and Reagents 
 
1. 12 mm glass coverslips #1 (VWR, catalog number: 631-0713)  
2. Gridded coverslips (optional) (Electron Microscopy Sciences, catalog number: 72265-12) 
3. Falcon 24-well plates (Corning, catalog number: 353047) 
4. Permanent marker (Faber-Castell Multimark 1523) (CultPens, catalog number: FC19628) 
5. 1 mL syringe (BD, catalog number: 303172)  
6. 25 G 1 ½ needle (BD, catalog number: 305127)  
7. Epithelial Madin-Darby canine kidney (MDCK II) from ATCC (ATCC, catalog number: CRL2936) 
8. DNA construct expressing a fluorescent midbody localised protein (e.g., Cherry-tubulin, 
Addgene, catalog number: 49149) 
9. Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, catalog number: D5796) 
10. Fetal bovine serum (Sigma-Aldrich, catalog number: F7524) 
11. Penicillin-streptomycin solution (Sigma-Aldrich, catalog number: P4333) 
12. Lipofectamine 2000 (Thermo Fisher Scientific, InvitrogenTM, catalog number: 11668027) 
13. Hank’s balanced salt solution (HBSS) without phenol red (Sigma-Aldrich, catalog number: 
H8264) 
14. 1 M HEPES solution (Thermo Fisher Scientific, GibcoTM, catalog number: 15630080) 
 
Equipment 
 
1. Autoclave 
2. Tweezers (Fine Science Tools, catalog number: 11251-20) 
3. LSM 710 confocal microscope (ZEISS, model: LSM 710) or any other inverted confocal 
microscope with 25x and 40x oil objectives and a numerical aperture of 0.8 and 1.3, respectively  
4. Patch clamp equipment (Axon Instruments) 
5. Microscope BX51 (Olympus, model: BX51) 
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6. Borosilicate glass with filament for pipette fabrication. Outer diameter: 1.5 mm, inner diameter: 
0.86 mm, 10 cm length (Linton Instrumentation, catalog number: BF150-86-10) 
7. CO2 cell culture incubator (Thermo Electron Corporation) 
8. P-97 Flaming/Brown micropipette puller (Sutter Instruments, model: P-97) 
9. Sutter MP-225 motorised micromanipulators (Sutter Instruments, model: MP-225) 
 
Software 
 
1. ImageJ (https://imagej.nih.gov/ij, National Institutes of Health) 
 
Procedure 
 
1. Using permanent marker, label a round coverslip with a small circle and one extra mark to keep 
the same orientation of the coverslip when moving between different equipment (Figure 2). 
Autoclave the coverslips to avoid contaminations. 
Note: Instead of using coverslips labelled with permanent marker, gridded coverslips can be 
used for subconfluent cell cultures. In confluent fully polarised monolayers, however, the grids 
can be hard to visualise. 
 
 
Figure 2. Round coverslip labelled with permanent marks for generation of cell maps 
 
2. Place the coverslip into a 24-well plate and seed 200,000 MDCK cells onto the coverslip, which 
should be oriented so that the unmarked side is on top. Grow the cells in DMEM supplemented 
with 5% fetal bovine serum, 50 U/ml penicillin, and 50 µg/ml streptomycin. 
3. The following day transfect MDCK cells with a midbody localised protein (e.g., PRC1, MKLP1, 
or tubulin) genetically fused to a fluorescent protein such as GFP or mCherry. If using stably 
transfected cells, between 20-60% should be expressing the transgene. Cells can be diluted 
with untransfected cells to achieve this. It is important to have between 20-60% of cells 
expressing the transgene in order to have a distinctive cell map allowing easy orientation of the 
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cell map at the later stages. Leave cells to grow for at least two days to allow cells to divide and 
subsequently generate new midbodies.  
Note: We recommend using Lipofectamine 2000 reagent according to the manufacturers’ 
instructions for transfection of MDCK cells. In this protocol we use 200,000 cells, 1 µg of DNA, 
and 1 µl of Lipofectamine 2000 per well. 
4. For the cell map, image the cells situated inside the circle using a confocal microscope at low 
magnification (Figure 3). Print out the images allowing them to be used for reference in the later 
steps.  
Note: For the generation of cell maps, we use a 25x objective.  
 
 
Figure 3. Generation of a cell map and midbody visualisation. Cells stably expressing GFP-
tubulin were used. Cell map is represented on the far left using a 25x objective. The boxed 
region shows a magnification with a 40x objective, and was used for localising cells exhibiting 
midbodies. Note that the midbodies are localised on the apical surface. The white arrowheads 
mark the midbody remnants. Scale bar = 10 µm. 
 
5. Subsequently, choose some cells to image at higher resolution to document the presence of the 
midbody remnants before manipulation with patch-clamp apparatus. Cells that are amenable to 
midbody remnant removal will have the remnants positioned over the apical cell surface (Figure 
3; Video 1). Using a pen, make a note of the cells imaged on the printed image. 
Note: Be careful to avoid photobleaching. Move focal plane to the apical surface of the cell 
monolayer to find midbody remnants. 
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Video 1. Z-stack images of MDCK cells stably expressing GFP-tubulin before TUSP. 
Images are shown from the basolateral to apical membranes (i.e., bottom to the top). The white 
arrowheads point to the midbody remnants. Note that the remnants are localised at the apical 
cell surface.  
 
 
6. Transfer samples to the patch-clamp apparatus (Figure 4). Fill the chamber of the patch-clamp 
apparatus with HBSS medium supplemented with 0.5% fetal bovine serum, HEPES 20 mM, pH 
7.2-7.5, 50 U/ml penicillin, and 50 µg/ml streptomycin, and place the coverslip into the chamber. 
To allow easier detection of previously imaged areas, use the marked position on the coverslip 
to position the sample in the same orientation as was previously used to generate the cell map. 
 
 
Figure 4. Patch-clamp apparatus coupled to an epifluorescence microscope 
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7. Using the printed cell maps as a reference, identify the cells previously imaged inside the circle 
under the epifluorescence microscope coupled to the patch-clamp apparatus. 
Note: In this step, use a low magnification objective. 
8. Once the cell map has been correctly oriented, use an objective of higher magnification and 
move along the XY axis to the position where the cells whose midbody remnants were 
documented before, are situated. Double-check for the presence of remnants. 
Note: In our epifluorescence microscope this step is performed with a 60x objective. Take a 
quick look to observe the remnants and turn off the fluorescence channel to avoid 
photobleaching. 
9. Move the objective to allow the glass pipette to be between the objective and the monolayer. 
10. For fabricating a glass pipette, load a borosilicate glass pipette of 1.5 mm in outer diameter, 
0.86 mm in inner diameter, and 10 cm in length into a micropipette puller (Figure 5). Ramp value 
= 515-535; Pull = 0; Velocity = 15-25; 4 heating cycles.  
 
 
Figure 5. Puller used for creating glass pipettes  
 
11. Once generated, take the glass pipette, and fill it with HBSS medium using a syringe with a 25 
G 1 ½ needle.  
12. Fit the glass pipette to the pipette holder, and move it under the objective (Figure 6).  
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Figure 6. Glass pipette fitted to the pipette holder of the patch-clamp apparatus should 
be positioned in between the objective and the sample. The red circle indicates the glass 
pipette.  
 
13. Use brightfield illumination to focus on the tip of the glass pipette. 
14. Simultaneously move down the pipette and the objective of the microscope on the z axis until 
the monolayer comes into the focal plane. Do not let the glass pipette contact the monolayer at 
this stage. 
15. Once the monolayer is in focus, use fluorescence to detect the midbody remnants (Figure 7; 
Video 2; Bernabé-Rubio et al., 2016).  
 
 
Figure 7. Representative example of cells subjected to TUSP. MDCK cells expressing GFP-
tubulin were imaged at real time under an epifluorescence microscope. Green arrows indicate 
the midbody remnant. Scale bar = 5 μm. 
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Video 2. Videomicroscopy of the TUSP procedure. MDCK cells stably expressing GFP-
tubulin were subjected to TUSP. Images were captured in real time. Brightfield and fluorescence 
channels are shown superimposed. The green arrow indicates the position of the midbody 
remnant.  
 
 
16. Select a midbody remnant for removal and slowly move the glass pipette closer to the remnant 
using the brightfield illumination. Once proximal to each other, keep the brightfield channel and 
the fluorescence superimposed. Using the mouth to apply negative pressure to the pipette via 
a tube, draw the midbody remnant from the cell surface (Figures 1 and 7; Video 2; Bernabé-
Rubio et al., 2016).  
17. After midbody remnant removal, image the cells under a confocal microscope acquiring different 
planes of the cell to ensure that removal of the whole midbody has occurred (Figure 8; Video 
3). 
 
 
Figure 8. Midbody remnants from cells expressing GFP-tubulin were removed by TUSP. 
Cells exhibiting midbodies are shown before (pre-TUSP) and after TUSP (post-TUSP). Note 
that the remnants are localised at the apical surface. The white arrowheads mark the midbody 
remnants. Since cells continuously move, it is often difficult to have several cells in-focus while 
imaging a cell field. The circle indicates the zone subjected to TUSP. Note that the midbody 
remnant of the cell exposed to TUSP was removed. Scale bar = 10 µm. 
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Video 3. Z-stack images of MDCK cells stably expressing GFP-tubulin before (pre-TUSP) 
and after TUSP (post-TUSP). Images are shown from the basolateral to apical membranes 
(i.e., bottom to the top). The white arrowheads point to the midbody remnants. The circle 
indicates the zone subjected to TUSP. Note that the remnant of the cell subjected to TUSP was 
completely removed.  
 
 
18. Place cells in an incubator at 37 °C in DMEM supplemented with 5% fetal bovine serum, 50 
U/ml penicillin, and 50 µg/ml streptomycin under an atmosphere of 5% CO2/95% air.  
19. Various readouts can be used to assess possible biological effects of midbody removal using 
appropriate experimental setups. For example, we have studied the role of the midbody remnant 
in primary ciliogenesis using fluorescence microscopy (Bernabé-Rubio et al., 2016). 
 
Data analysis 
 
For qualitative analysis of effects of midbody removal live-cell videomicroscopy can be used. This 
procedure can also be used to quantitatively address the absence or presence of the cilium 24 h 
after midbody removal, as used previously (Bernabé-Rubio et al., 2016). Cells should be fixed after 
24 h and imaged to detect the presence of the cilium. In this case the data is categorical and as 
such a chi-squared analysis is appropriate after a minimum of 3 experimental repetitions with 
controls. 
 
Notes 
 
This protocol is highly reproducible as long as there is no phototoxicity/photobleaching of cells, and 
cell maps are clearly defined. A short exposure time to light is recommended to reduce 
phototoxicity/photobleaching.  
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Recipes 
 
1. HBSS medium to fill the chamber of the patch-clamp apparatus 
Hank’s balanced salt solution (HBSS) without phenol red 
20 mM HEPEs (pH 7.2-7.5) 
50 U/ml penicillin, 50 µg/ml streptomycin  
0.5% fetal bovine serum 
2. DMEM for MDCK cell culture 
Dulbecco’s modified Eagle’s medium (DMEM)  
50 U/ml penicillin, 50 µg/ml streptomycin 
5% fetal bovine serum  
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RESUMEN 
La base del cilio primario contiene una zona especializada de membranas condensadas que 
se ha postulado que podría funcionar como una barrera para el movimiento de lípidos y 
proteínas entre la membrana apical y la ciliar. Sin embargo, los mecanismos moleculares 
por los cuales se establece esta zona de dominios de membrana condensados en la base del 
cilio se desconocen. En este trabajo estudiamos el papel de la proteína MAL, una proteína 
transmembrana que se asocia exclusivamente a dominios de membrana condensados, y que 
está implicada en transporte apical, en la formación del cilio primario. Observamos que la 
proteína MAL se concentra en la base del cilio primario de las células epiteliales polarizadas 
MDCK. Mediante su silenciamiento observamos que la compactación de membranas en la 
base del cilio disminuye específicamente sin que se vea alterada la condensación lipídica de 
la membrana apical. Esta disminución en el orden de membranas en la base del cilio resulta 
en una reducción significativa tanto en el número de células ciliadas como en la longitud de 
los cilios. Además, aprovechamos esta reducción en la compactación de membranas 
causada por la pérdida de MAL para examinar un posible defecto en el reclutamiento de 
proteínas importantes para la ciliogénesis, en el anclaje del centriolo materno a la 
membrana plasmática, así como un posible defecto en la ultraestructura ciliar. En este 
análisis observamos que el reclutamiento de proteínas necesarias para la formación del cilio 
como Rab8, IFT20 o IFT88 a la base del mismo, no se perturba por la ausencia de MAL, 
así como el anclaje del centriolo materno a la membrana plasmática o la ultraestructura de 
los cilios. Además, examinamos si esta perturbación del orden lipídico resultaba en la 
difusión de proteínas de membrana que normalmente residen en la membrana apical, como 
la podocalyxina, p75 o CD59, al compartimento ciliar, no observándose alteraciones 
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evidentes. Estos resultados sugieren que la organización de los lípidos de la base ciliar 
regulada por la proteína MAL es crucial para que el crecimiento del cilio primario tenga 
lugar de forma eficiente, y que esta zona especializada de membranas no actúa como 
barrera general para la entrada de proteínas de membrana al cilio. En este trabajo, por 
tanto, establecemos una función hasta la fecha desconocida para esta región de dominios 
de membrana condensados localizados en la base del cilio primario de las células epiteliales 
polarizadas.  
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The MAL protein is crucial for proper membrane condensation at
the ciliary base, which is required for primary cilium elongation
Elena Reales1,*, Miguel Bernabé-Rubio1,*, Javier Casares-Arias1, Carles Rentero2, Jaime Fernández-Barrera1,
Laura Rangel1, Isabel Correas1, Carlos Enrich2, Germán Andrés3 and Miguel A. Alonso1,‡
ABSTRACT
The base of the primary cilium contains a zone of condensed
membranes whose importance is not known. Here, we have studied
the involvement of MAL, a tetraspanning protein that exclusively
partitions into condensed membrane fractions, in the condensation of
membranes at the ciliary base and investigated the importance of
these membranes in primary cilium formation. We show that MAL
accumulates at the ciliary base of epithelial MDCK cells. Knockdown
of MAL expression resulted in a drastic reduction in the condensation
of membranes at the ciliary base, the percentage of ciliated cells and
the length of the cilia, but did not affect the docking of the centrosome
to the plasma membrane or produce missorting of proteins to the
pericentriolar zone or to the membrane of the remaining cilia. Rab8
(for which there are two isoforms, Rab8A and Rab8b), IFT88 and
IFT20, which are important components of the machinery of ciliary
growth, were recruited normally to the ciliary base of MAL-knockdown
cells but were unable to elongate the primary cilium correctly. MAL,
therefore, is crucial for the proper condensation of membranes at the
ciliary base, which is required for efficient primary cilium extension.
KEY WORDS: Primary ciliogenesis, Centrosome, Condensed
membranes, MAL
INTRODUCTION
The primary cilium is a single appendage that projects from the
cell surface in most vertebrate cells. It is made up of a ciliary
membrane that surrounds a microtubule-based structure, termed
the axoneme, which is nucleated from the older of the two
centrioles in the centrosome. Primary cilia sense a diverse range
of environmental signals in the extracellular milieu and relay
these to the cell body through surface receptors specifically
localized on the ciliary membrane (Gerdes et al., 2009; Goetz
and Anderson, 2010; Ishikawa and Marshall, 2011). Defects in
primary cilium functioning are associated with a growing list of
human developmental and degenerative disorders, collectively
referred to as ciliopathies, that simultaneously affect many
organs in the body (Hildebrandt et al., 2011; Novarino et al.,
2011).
By assessing the degree of lipid condensation, it has been found
that the base of cilia is more condensed than the surrounding apical
membrane of epithelial Madin–Darby canine kidney (MDCK) cells
(Vieira et al., 2006). Possible functions postulated for the condensed
membranes at the ciliary base include that it acts to facilitate the
docking of the basal body to the plasma membrane, that it
modulates the elongation of the ciliary membrane, that it has
a structural role or that it functions as a barrier for controlling
the composition of the ciliary membrane (Reiter and Mostov,
2006; Vieira et al., 2006). Previous studies have revealed that
knockdown(KD) of phosphatidylinositol-4-phosphate adaptor
protein-2 (FAPP2, also known as PLEKHA8) alters the
condensation of the apical membrane and reduces primary cilium
formation suggesting that there is a link between apical membrane
condensation and primary ciliogenesis (Vieira et al., 2006).
However, the importance and role of the condensed membranes
specifically found at the ciliary base in the process of primary cilium
assembly are still unclear.
MAL, a 17-kDa tetraspanning membrane protein, partitions into
detergent-insoluble membrane fractions (Cheong et al., 1999;
Puertollano et al., 1999), which are enriched in condensed
membranes also known as membrane rafts (Gaus et al., 2003;
Lingwood and Simons, 2010). MAL was initially characterized as a
component of the specialized machinery that regulates the rate of
transport of proteins to the apical surface of MDCK cells (Cheong
et al., 1999; Puertollano et al., 1999). MAL levels are important for
primary ciliogenesis in MDCK cells (Takiar et al., 2012; Torkko
et al., 2008), but the role of MAL in this process has remained
unexplored. In this work, we show that MAL, which localizes at the
base of the primary cilium, is important for membrane condensation
at the ciliary base. Using MAL KD cells, we characterized the stage
at which the ciliogenesis process is impacted by reduced
condensation of membranes at the ciliary base. We found that the
centrosome docked efficiently to the plasma membrane and that
the ciliary base still controlled the access of membrane proteins and
recruited machinery for primary cilium growth but, without proper
membrane condensation, the ciliary base was unable to elongate the
cilium efficiently. MAL and periciliary condensed membranes,
therefore, appear to be required for efficient functioning of the
machinery of primary cilium growth.
RESULTS
MAL expression is induced with cell confluence
Renal epithelial MDCK cells assemble a primary cilium when they
reach confluence and become quiescent. To establish whether MAL
expression is regulated by cell confluence, MDCK cells were grown
for different times and the levels of MAL were analyzed by
immunoblotting. The formation of primary cilia and the expression
of the adhesion protein E-cadherin, which is known to be
upregulated with increased cell–cell contacts, were examined inReceived 27 October 2014; Accepted 30 April 2015
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parallel. MAL levels increased with cell confluence similar to
E-cadherin levels and concomitantly with the number of ciliated
cells, whereas the expression of caveolin-1, which was used as
the control for the experiment, remained unaltered (Fig. 1A,B). The
increase of MAL levels upon cell confluence correlated with the
upregulation of MAL mRNA, as determined by quantitative real-
time PCR analysis (qRT-PCR) (supplementary material Fig. S1A).
In conclusion, MAL expression accompanies cell polarization,
including primary cilium formation.
MAL is crucial for efficient primary cilia formation
MDCK cells segregate apical and basolateral domains and assemble
a primary cilium at the center of the apical surface. To investigate
the requirement for MAL in primary ciliogenesis we compared
primary cilium formation in MDCK cells transfected with a control
small interfering RNA (siRNA) (siC) or with siRNAs (si1MAL and
si2 MAL) targeting the sequences surrounding the AUG translation
initiation site or the 3′ untranslated region, respectively, of canine
MAL mRNA. The extent of endogenous MAL KD was 90–95% in
the case of si1MAL and 70% in the case of si2MAL, as assessed by
immunoblotting (Fig. 2A,B, supplementary material Fig. S1B).
MALKD produced an important decrease in the number of cilia and
in the length of the remaining cilia in these cells (Fig. 2C–E,
supplementary material Fig. S1C). Given that si1 MAL was more
effective than si2 MAL, we used si1 MAL in all subsequent
experiments. We used MDCK cells that express the intact coding
sequence of human MAL mRNA (denoted MDCK-MAL cells) as
an additional control. This sequence exhibited one mismatch with
si1 MAL, and therefore the expression of humanMAL in these cells
was predicted to be less sensitive to si1 MAL than is endogenous
dogMAL, as indeed proved to be the case (Fig. 2A,B). Cilia number
and ciliary length were not affected in MDCK-MAL cells in
which the endogenous protein was knocked down with si1 MAL
(Fig. 2C–E). In summary,MAL, whose expression is induced by the
time primary ciliogenesis starts, is essential for normal primary
ciliogenesis.
The docking of the centrosome to the center of the apical
membrane, as visualized with GFP–centrin (Fig. 3A) and the
presence of the centriole subdistal and distal appendage protein
marker Odf2 at the centrosomewere not perturbed inMALKD cells
(Fig. 3B). The distribution of basolateral (β-catenin) and tight
junction (ZO-1, also known as TJP1) markers were also unaffected
(Fig. 3C), as was the periciliary ring delimiting the ciliary base
visualized by galectin-3 staining (Fig. 3D). Consistent with our
confocal microscopic studies, electron microscopic analysis showed
that MAL KD cells exhibited stunted cilia compared with control
cells (Fig. 4A, supplementary material Fig. S2). In addition, the
older centriole, which is referred to as the basal body when it is
docked to the plasma membrane to form a cilium, was correctly
apposed to the plasma membrane and its transition fibers were
apparently normal inMALKD cells (Fig. 4, supplementary material
Fig. S2). No apparent accumulation of vesicles was detected in the
vicinity of the basal body inMALKD cells (Fig. 4A, supplementary
material Fig. S2). The analysis of sequential longitudinal sections
confirmed that cilia in MAL KD cells were shorter than in control
cells (supplementary material Fig. S2). Examination of sequential
cross-sections below the transition fibers showed that the basal body
had the typical triplet microtubule structure in MAL KD cells
(Fig. 4B). The analysis of sequential cross-sections above the basal
body revealed that the appearance of microtubule singlets occurred
close to the basal body in the case of MAL KD cells (Fig. 4B).
In summary, Figs 3, 4 and supplementary material Fig. S2 indicate
that the effect of MAL silencing in primary ciliogenesis is not a
consequence of defects in centrosome structure, basal body
docking, periciliary ring assembly, fusion of transport vesicles or
cell polarization.
MAL is important for membrane condensation at the ciliary
base
We next analyzed the distribution of MAL relative to the primary
cilium. As the current antibodies available to canine MAL are not
of use in immunofluorescence studies, we used our anti-human
MAL mAb 6D9 and the MDCK-MAL cell clone previously used
in the rescue-of-function experiments (Fig. 2C–E). Consistent
with previous observations (Martin-Belmonte et al., 1998), the
6D9 mAb recognized exogenous human MAL, but not
endogenous canine protein (Fig. 5A). As revealed by double
labeling with antibodies to MAL and α-tubulin, exogenous MAL
was found to concentrate predominantly at the base of the cilium
relative to the surrounding apical membrane in moderately
confluent cell cultures (Fig. 5A, middle panel; Fig. 5B) and also
at the primary cilium at high cell confluency (Fig. 5A, bottom
panel; Fig. 5C). The distribution of MAL indicates that it could
play a role at the ciliary base during primary ciliogenesis and at
the primary cilium.
The packing density of biological membranes can be directly
measured using the Laurdan fluorescent membrane dye (Gaus
et al., 2006). The Laurdan dye penetrates the cell membrane and
aligns parallel to the phospholipids (Bagatolli et al., 2003),
undergoing a shift in its peak emission wavelength from 500 nm in
fluid membranes to 440 nm in ordered membranes. A normalized
ratio of the two emission regions, given by the general polarization
Fig. 1. MAL expression is induced with cell confluence and regulates primary ciliogenesis. (A,B) Extracts of MDCK cells grown for different times were
immunoblotted for the indicated proteins. The levels of MAL and E-cadherin were quantified and normalized to those of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), which was used as loading control (left y-axis). The number of ciliawas determined in parallel experiments (right y-axis). The histogram
illustrates the levels of MAL and the number of cilia relative to the values on day 6 (B). Data are the mean±s.e.m. from at least three independent experiments.
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index provides a relative measure of membrane order. This
experimental approach was previously used to demonstrate the
existence of condensed membranes at the ciliary base of MDCK
cells (Vieira et al., 2006). To investigate whether MAL regulates
membrane condensation at this important zone, we stained the
cells with Laurdan and measured membrane order at the ciliary
base, which was visualized by galectin-3 labeling. Membrane
condensation at the ciliary base was dramatically diminished in
MAL KD cells, whereas it was not significantly affected in the rest
of the apical membrane (Fig. 5D,E). This result indicates that
MAL expression is crucial for membrane condensation at the
ciliary base.
Fig. 2. MAL regulates primary ciliogenesis.
(A–E) Control or MDCK cells stably expressing
humanMAL (MDCK-MAL)were transfectedwith the
indicated siRNA. Cell extracts were immunoblotted
for α-tubulin or for human (mAb 6D9), dog (mAb
2E5) or total (goat polyclonal)MAL,as indicated (A).
The intensity of the MAL bands obtained with the
antibody to total MAL was quantified. The values
obtained for MAL were corrected using those of
α-tubulin and represented relative to those in control
cells (B). Cells grown in Transwell inserts for 72 h
were stained for acetylated-tubulin (Ac-tub), γ-
tubulin and nuclei (C). The number of primary cilia
was determined and expressed relative to that in
control cells transfected with siC (D). The length of
theciliawasmeasuredand thevaluesweregrouped
in the indicated size ranges. The results represent
the percentage of cilia in each range relative to the
total number of cilia present in each condition (E).
Scale bar: 10 µm. Data in B, D and E are the
mean±s.e.m. from at least three independent
experiments. *P<0.05; ***P<0.001; ns, not
significant.
Fig. 3. Effect of MAL knockdown on the
distribution of a range of protein markers.
(A) MAL KD cells stably expressing GFP–
centrin (green arrowhead) grown on
Transwell inserts were stained for acetylated
tubulin (Ac-tub, red arrowhead) and F-actin.
The xz projection shows that the centrosome
was correctly positioned at the center of the
apical membrane. Scale bar: 2 µm. (B) Cells
were stained for the subdistal and distal
appendage marker Odf2 (red) and
polyglutamylated tubulin (pGlu-tub, green),
which stains the axoneme. The white line
indicates the cell contour. The merged image
is shown on the left. The right panels show
the separate stainings. Scale bars: 3 µm.
(C) Cells were grown in Transwell inserts for
72 h. Cells were labeled with DAPI to
visualize the nuclei and stained for β-catenin
or ZO-1, as indicated. Scale bar: 10 µm.
(D) Cells were stained for galectin-3 and
F-actin. The merged image is shown on the
left. The right panels show the separate
stainings. Scale bar: 3 µm.
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Machinery of primary cilium growth is efficiently recruited to
the ciliary base in MAL knocked-down cells
One of the functions postulated for the condensed membranes of the
ciliary base is that it serves as a fence to separate the ciliary membrane
from the surrounding apical membrane proteins (Reiter and Mostov,
2006; Vieira et al., 2006). If this were the case, disruption of the
condensedmembranes at the ciliary basewould allow the entry to the
pericentriolar zone and the ciliary membrane of proteins that are
normally excluded. We compared the distribution of several apical
membrane proteins normally excluded from the ciliary base and
ciliary membrane in control and MAL KD cells (Fig. 6). We did not
detect in MAL KD cells a significant increase in the access to the
pericentriolar zone of the p75 neurotrophin receptor (also known as
NGFR) fused toGFP (p75–GFP) (Kreitzer et al., 2003), Smoothened
(Smo), a seven-pass transmembrane protein that functions in the
Hedgehog signaling pathway (Chen et al., 2002), endogenous
podocalyxin (Meder et al., 2005) or exogenous CD59, chosen as a
representative of glycophosphatidylinositol (GPI)-anchored proteins
(Lisanti et al., 1990; Lisanti and Rodriguez-Boulan, 1990). In
summary, Fig. 6 shows that the condensed membranes of the ciliary
base do not appear to function as a general barrier to the entry of
membrane proteins into the primary cilium.
The small GTPases Rab8 (for which there are two isoforms, Rab8a
and Rab8b) and Rab10 (Knodler et al., 2010) and the machinery for
intraflagellar transport (IFT) are necessary for primary cilium growth
(Rosenbaum and Witman, 2002). Stunted or absent cilia, as seen in
MALKDcells, have been described in cells with deficient expression
of Rab8 (Westlake et al., 2011), which regulates exocytosis of ciliary
components to the ciliary base, or IFT machinery, which transports
proteins along the ciliarymembrane (RosenbaumandWitman, 2002).
It is of note that Rab8 and two components of the IFT machinery,
IFT88 and IFT20 (Follit et al., 2006; Pazour et al., 2000), distributed
along the primary cilium and the pericentriolar region in control cells,
whereas the three proteins localized to the pericentriolar region of
MAL KD cells lacking a primary cilium (Fig. 7A–C). Smo resides
outside the primary cilium under basal conditions and translocates to
the primary cilium in response to Hedgehog or the Smo agonist
(Milenkovic et al., 2009). Whereas Smo–GFP distributed along the
ciliary membrane in control cells after agonist stimulation, we found
that it accumulated at the pericentriolar region in MAL KD cells
(Fig. 7D). The quantitative analysis indicated amarked increase in the
presence of all the markers analyzed at the pericentriolar area inMAL
KD cells (Fig. 7E). The remaining cilia of MAL KD cells were as
positive as those of control cells for the four ciliary markers (Fig. 7F).
The results illustrated in Fig. 7 rule out the possibility that the
impairment of ciliary growth observed in MAL KD cells is due to a
defect in the recruitment of Rab8 or IFTmachinery to the ciliary base,
or to a general defect in protein targeting to the periciliary
compartment, and point to a failure in primary cilia elongation
caused by the reduced condensation of membranes at the ciliary base.
DISCUSSION
A zone of highly condensed membranes of unknown importance
exists at the ciliary base of epithelial MDCK cells (Vieira et al.,
2006). We observed that depletion of MAL, a protein that
selectively partitions into condensed membrane fractions, reduced
membrane condensation at the ciliary base and inhibited primary
ciliogenesis. We used MAL KD cells to test several hypothesized
Fig. 4. Ultrastructural analysis of the primary cilium
in control and MAL-knockdown cells. MDCK cells
grown on Transwell filters for 5 days were fixed,
embedded in resin and sectioned orthogonally to
or in parallel with the supporting substrate.
(A) Representative image of a primary cilium in control
and MAL KD cells. Note that the primary cilium
(arrowhead), which appears longitudinally sectioned, is
shorter in MAL-KD cells than in control cells. The insets
show the primary cilium at higher magnification.
(B) Representative images of a cross-sectioned primary
cilium of control and MAL KD cells. The sections are
numbered from the basal body (S1 to S4) to the tip of the
cilium (S5 onwards). Note that although the cilium ends
prematurely the overall ultrastructure of the basal body
and the beginning of the cilium in MAL KD cells are
similar to those in control cells. Arrows in S1 point to the
microtubule triplets of the basal body, in S4 to the
transition filaments (S4), and in S5 to the axoneme
doublets. Scale bars: 1 µm (A); 50 nm (B, insets in A).
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roles for condensed membranes at the ciliary base (Reiter and
Mostov, 2006; Vieira et al., 2006). We concluded that MAL and
these specialized membranes are not essential for docking the basal
body to the plasmamembrane, periciliary ring assembly or fusion of
transport vesicles to the base zone. Nor do condensed membranes
have general functions in excluding non-ciliary proteins from the
ciliary base. Instead, interaction with the cytoskeleton (Francis et al.,
2011), or physical barriers based on nucleoporins (Kee et al., 2012),
septins (Hu et al., 2010) or on a complex that includes proteins
disrupted in ciliopathies (Chih et al., 2011) are involved in
regulating the protein composition of the primary cilium. The
observation that, despite the presence of protein trafficking
machinery at the ciliary base, MAL KD cells were unable to form
primary cilia efficiently, and that even those that were formed were
shorter than those of control cells, suggest that MAL and condensed
membranes are necessary for primary cilium elongation.
Protein trafficking machinery is required for primary cilium
assembly and maintenance. On the one hand, the IFT machinery
aided by microtubule motors is responsible for protein transport
along the cilium. On the other hand, Rab GTPases and the exocyst
complex (Heider andMunson, 2012) orchestrate the assembly of the
primary cilium through a network of interactions that results in a
supply of membranes and ciliary growth (Das and Guo, 2011; Lim
et al., 2011; Yoshimura et al., 2007; Zuo et al., 2009). Centrosome
distal appendage proteins link the mother centriole with Rab
GTPases and the exocyst through the direct interaction of Odf2 with
Rab8 (Yoshimura et al., 2007), and the association of Odf2 with
Sec15 (also known as EXOC6 in mammals), a subunit of the
exocyst, mediated by centriolin (Hehnly et al., 2012). IFT20, which
is also present in the Golgi, helps transport vesicular material to the
ciliary base (Follit et al., 2006). We examined the presence of Odf2
at the centrosome and the distribution of IFT20, IFT88 and Rab8
and found that all of them were present at the centrosome zone
regardless of MAL expression. Therefore, the ciliogenesis defect
observed in MAL KD cells was not due to defective recruitment of
these components. MAL specifically associates with condensed
membrane or raft-enriched fractions and mediates the apical
transport of the influenza virus hemagglutinin (Cheong et al.,
Fig. 5. MAL concentrates at the base of the primary cilium and is important for membrane condensation at the ciliary base. (A–C) Control (top panels)
or MDCK-MAL cells (middle and bottom panels) grown on Transwell inserts for 3 or 7 days were immunolabeled for exogenous MAL and α-tubulin. The white
line indicates the cell periphery. Scale bar: 3 µm (A). The intensity of MAL staining at day 3 was quantified in rings enclosing the ciliary base. The values are
expressed relative to themean of three identical rings chosen at random from the surrounding apical surface (B). The percentages of cilia immunolabeled for MAL
at day 3 and day 7 were determined (C). (D,E) Control or MAL KD cells were stained with Laurdan and immunolabeled for galectin-3. Laurdan intensity images
were converted into general polarization (GP) images and pseudocolored using the scale on the right to represent low-to-high general polarization values. Scale
bar: 10 µm. An enlargement of the boxed region is shown on the right. Scale bar: 3 µm. The general polarization value corresponding to rings enclosing the
membrane area delimited by galectin-3 (ciliary base) or to random zones of the same size in the apical membranes (apical) was calculated and represented (E).
15 imageswere used and 10–20 ciliary bases were evaluated. Data in B, C andE are themean±s.e.m. from three independent experiments (individual data points
are also shown in E). ***P<0.001; ns, not significant.
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1999; Puertollano et al., 1999), a protein cargo associated with raft-
enriched membrane fractions. We examined the extent of
condensation of the membranes at the ciliary base and found
striking differences between control and MAL KD cells. Given that
the knockdown of endogenous MALwas quite effective it would be
expected that it affects the entire cell population to a greater or lesser
extent and, therefore, that the loss of membrane condensation would
impair primary cilium formation in the majority of the MAL KD
cells. In the case of MAL KD cell population with a primary cilium,
the reduction of membrane condensation was probably lower
Fig. 6. Exclusion of different apical membrane proteins from the ciliary base. (A–E) Control (top panels) or MAL KD cells (middle and bottom panels)
grown on Transwell inserts were labeled for galectin-3 and/or tyrosinated α-tubulin and p75–GFP (A), Smo–GFP in cells without Smo agonist treatment
(B), endogenous podocalyxin (C), or exogenous CD59 (D). MAL KD cells without (middle panels) and with (bottom panels) a primary cilium are shown. Note
that in A,B both galectin-3 and tyrosinated α-tubulin delimit the periciliary ring. Scale bars: 2 µm. The histogram shows the percentage of cells showing exclusion
of the indicated markers from the ciliary base in cells without and with a primary cilium (E). Data are the mean±s.e.m. from three independent experiments. ns,
not significant.
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allowing the formation of primary cilia with varying sizes.
Therefore, we find it is plausible that there is a threshold of
membrane condensation at the ciliary base below which the process
of ciliogenesis is totally blocked, whereas abovewhich it takes place
to a varying extent, depending on the degree of condensation. The
treatment of MDCK cells with fumonisin B1, an inhibitor of
ceramide biosynthesis, impairs both the percentage of ciliated cells
and the length of the remaining cilia (Wang et al., 2009). Given that
ceramide is a lipid component of condensed membranes, the effect
of fumonisin B1 might be due to a reduction in membrane
condensation at the ciliary base. Previous studies have revealed that
silencing of FAPP2, another protein involved in apical transport
(Vieira et al., 2005), decreases the percentage of ciliated cells in
MDCK cells (Vieira et al., 2006). FAPP2 KD cells showed an
increase of apical membrane condensation and a 12% reduction in
the content of condensed domains of the apical surface (Vieira et al.,
2006). Given that the possible effect of FAPP2 KD on the
condensation of membranes at the base of the primary cilium was
not addressed, we do not know whether FAPP2 is also important for
proper membrane condensation at the ciliary base. Given the role of
MAL in the transport of raft-associated molecules (Anton et al.,
2011; Cheong et al., 1999; Puertollano et al., 1999), it is plausible
that MAL affects membrane condensation at the ciliary base
through the supply of raft membranes, although a direct role of
MAL in the organization of raft lipids is also feasible (Magal et al.,
2009). One interesting possibility is that the condensed membranes
at the periciliary region are required for efficient assembly of
machinery for primary cilium growth. The role of MAL would be
reminiscent to that in T cells, in which MAL transports vesicles
containing raft-associated Lck and regulates membrane
condensation at the immunological synapse (Anton et al., 2011).
This similarity offers one additional example of the proposed
parallels between the primary cilium and the immunological
synapse (Angus and Griffiths, 2013; Finetti and Baldari, 2013).
Fig. 7. The impairment of ciliary growth in MAL KD cells is not due to general defects in the recruitment of ciliary extension protein machinery.
(A–F) Control or MAL KD cells were labeled for endogenous Rab8 and α-tubulin (A) or acetylated tubulin and IFT88 (B), IFT20 (C) or Smo–GFP in cells treated
with 100 nM Smo agonist for 24 h (D). Scale bars: 5 µm (main panels), 2 µm (enlargements). The percentage of MAL KD cells where the indicated markers
accumulated at the pericentriolar zone was determined and normalized to that in control cells (E). The percentage of cilia measuring <2 µm that were positive for
the indicated markers was measured in control cells and in the remaining cilia of MAL KD cells. Data in E,F are the mean±s.e.m. from three independent
experiments (*P<0.05; ***P<0.001; ns, not significant).
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Among the many abnormalities associated with ciliopathies,
renal cystic diseases are the most common (Hildebrandt and Otto,
2005; Watnick and Germino, 2003), making research on primary
cilium formation in renal epithelial cells, such as MDCK cells,
particularly important, especially given that the mechanism of the
ciliogenesis process is cell-type- and tissue-dependent (Sorokin,
1962). Our results indicate that MAL, which is expressed in MDCK
cells by the time that primary ciliogenesis commences, concentrates
at the ciliary base, and is crucial for the proper condensation of
membranes at the ciliary base, which is required for efficient
primary cilia elongation.
MATERIALS AND METHODS
Reagents
The mouse monoclonal antibody (mAb) 6D9 specific to human MAL
and the rat mAb 2E5 specific to canine MAL have been previously
described (Millán and Alonso, 1998; Puertollano et al., 1999). The
source of commercial antibodies to the indicated proteins used was as
follows: γ-tubulin (rabbit polyclonal, T3559; mouse mAb IgG1, clone
GTU-88, T6557), total α-tubulin (mouse mAb IgG1, clone DM1A,
T9026), acetylated tubulin (mouse mAb IgG2b, clone 6-11B-1, T7451)
and IFT20 (rabbit polyclonal, HPA021376) were from Sigma; galectin-
3 (rat mAb IgG2a, clone M3/38, 125401) was from Biolegend;
polyglutamylation modification (mouse mAb IgG1, clone GT335,
AG-20B-0020) was from Adipogen; tyrosinated α-tubulin (rat mAb
IgG2a, clone YL1/2, MA1-80017) was from Thermo Scientific;
caveolin-1 (rabbit polyclonal, 610059) and Rab8 (mouse mAb IgG2b,
610844) were from BD Transduction Laboratories; ZO-1 (rat mAb
IgG1, R26.4C) was from the Developmental Studies Hybridoma Bank;
CD59 (mouse mAb IgG2b, ab9183) was from Abcam; podocalyxin
(mouse mAb) was a gift from George K. Ojakian (Downstate Medical
Center, New York, NY); IFT88 (rabbit polyclonal, 13967-AP) was
from Proteintech; β-catenin (rabbit polyclonal, sc-7199), Odf2 (goat
polyclonal, sc-23134) and MAL (goat polyclonal antibody, sc-46171)
were from Santa Cruz Biotechnology; glyceraldehyde 3-phosphate
dehydrogenase (mouse mAb IgG1, clone 6C5, AM4300) was from
Life Technologies. Fluorescent phalloidin and secondary antibodies
conjugated to Alexa-Fluor-488, -594 or -647 were from Life
Technologies. Horseradish peroxidase (HRP)-conjugated secondary
antibodies were from Jackson ImmunoResearch. Smo agonist
[N-Methyl-N′-(3-pyridinylbenzyl)-N′-(3-chlorobenzo[b]thiophene-2-
carbonyl)-1,4-diaminocyclohexane] was from Merck Millipore.
Cell culture, siRNA, DNA constructs and transfection conditions
Epithelial canine MDCK II cells were grown in MEM supplemented with
5% fetal bovine serum (Sigma-Aldrich) at 37°C in a 5% CO2 atmosphere.
106 cells were electroporated with 20 nM of siRNA-negative control Hi GC,
si1 MAL (5′-GCUGGGUGAUGUUUGUGUCUGUGUU-3′) or si2 MAL
(5′-GGUGUUAUGUUUACUCUCCCAUAUA-3′) stealth-RNAi™ (Life
Technologies) using Amaxa equipment run with the L-005 program. Cells
were cultured on 35-mm-diameter dishes for 24 h and then grown on 12-mm
polycarbonate membranes of 0.2 µm pore size (Transwell, Costar, Inc.,
Cambridge, MA) for 72 h. Knockdown was verified by immunoblotting
96 h after transfection. The DNA constructs expressing Smo–GFP
(Addgene plasmid 25395) (Chen et al., 2002) and GFP–centrin (Addgene
plasmid 29559) (Salisbury et al., 2002) were gifts from Philip Beachy
(Stanford School of Medicine, Stanford, CA) and Jeffrey Salisbury (Mayo
Clinic, Rochester, MN), respectively. The plasmids expressing the p75–
GFP and CD59, were generous gifts from Enrique Rodriguez-Boulan
(Cornell University, New York, NY) and Václav Horejsi (Institute of
Molecular Genetics, Prague, Czech Republic), respectively. The DNA
construct expressing intact human MAL was made in the pCDNA3.1 Zeo
vector (Life Technologies). MDCK cell clones stably expressing Smo–GFP,
GFP–centrin or human MAL were generated by transfection of the
appropriate plasmid and selection with 1 mg/ml G-418 (Smo–GFP and
GFP–centrin) or 0.75 µg/ml zeocin (MAL) (Life Technologies),
respectively. The resulting clones were screened by immunofluorescence
and immunoblotting.
Immunofluorescence microscopic analysis
Cells were fixed in formalin for 15 min, rinsed, and treated with 10 mM
glycine in PBS for 5 min to quench the aldehyde groups. Cells were
then washed, permeabilized or not with 0.1% Triton X-100 in PBS at
room temperature for 5 min, rinsed, incubated with 3% (w/v) BSA for
15 min, and incubated with the primary antibody. After 1 h at room
temperature, cells were washed and incubated with the appropriate
fluorescent secondary antibody. For double-labeling experiments, the
same procedure was repeated for the second primary antibody. Cells were
mounted in coverslips using ProLong Gold antifade reagent (Invitrogen).
Images were obtained using a LSM 710 confocal microscope (Carl Zeiss)
with a 63× objective. Brightness and contrast were optimized with
Photoshop software (Adobe). Quantifications were performed using
Image J software.
Laurdan cell microscopy
Confluent MDCK cells grown on glass coverslips were stained with 50 µM
Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene; Life Technologies)
for 30 min at 37°C (Gaus et al., 2003), fixed with formalin and
immunostained for galectin-3. Laurdan imaging was performed with a
TCSSP5 inverted confocalmicroscope (Leica) equippedwith a near infrared
laser (Mai TaiBroadBand 710-990 nm) and aHCXPLAPOCS lambda blue
63× oil objective (1.4 NA). Confocal A555 signal (excitation 561 nm;
emission 570–620 nm) was recorded followed by two-photon Laurdan
images acquired at 800 nm excitation and simultaneously collected emission
ranges at 400–460 nm and 470–530 nm. Generalized polarization (GP)
images were calculated pixel by pixel from the Laurdan intensity images
according to the equation: GP=(I(400–460)−I(470–530))/(I(400–460)+I(470–530))
(Owen et al., 2011). A total of 10–20 circular areas per condition,
corresponding to the ciliary base, were selected on the basis of galectin-3
staining. Generalized polarization values were non-linearly fitted to a
Gauss distribution using a custom-built macro in ImageJ (Rentero et al.,
2008).
Electron microscopy
For transmission electron microscopy analysis, cells grown on Transwell
filters were fixed with 4% paraformaldehyde and 2% glutaraldehyde for
90 min at room temperature. Cell samples were then processed for
embedding in Epoxy, TAAB 812 Resin (TAAB Laboratories, Berkshire,
UK) according to standard procedures. Orthogonal and parallel (from the
bottom to the top of the cell) 80-nm-thick ultrathin sections were stained
with saturated uranyl acetate and lead citrate by standard procedures.
Samples were examined at 80 kV in a Jeol JEM-1010 (Tokyo, Japan)
electron microscope. Pictures were taken with a TemCam-F416 (4 K×4 K)
digital camera (TVIPS, Gauting, Germany).
qRT-PCR
Total RNA from MDCK cells was purified using RNeasy (Qiagen). MAL
and E-cadherin mRNA levels were quantified by qRT-PCR procedures
using the Super Script III First-Strand Synthesis SuperMix kit (Life
Technologies, PN 11752250) and the qPCR FAST Sybr Green PCRMaster
Mix kit (Applied Biosystems, PN 4367659) in an ABI 7900HT equipment.
The results were normalized with respect to the expression of β-actin,
caveolin-1 and glyceraldehyde 3-phosphate dehydrogenase mRNA in the
same samples. Data were analyzed with GenEX software.
Immunoblotting
Samples were subjected to SDS-PAGE and transferred onto Immobilon-P
membranes (Millipore). After blocking with 5% non-fat dried milk powder
and 0.05% Tween-20 in PBS, blots were incubated with the appropriate
antibodies for 1 h. After several washings, blots were incubated for 30 min
with secondary antibodies coupled to horseradish peroxidase. The signal
was visualized with ECL chemiluminescence detection reagent (Thermo
Scientific). Band intensities were quantified using Image J software and
results were expressed relative to the control condition.
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Statistical analysis
Data are expressed as themean±s.e.m. of at least three independent experiments.
Unless otherwise indicated, statistical significance was determined from a
one-sample Student’s t-test, calculated with GraphPad Prism software.
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Figure S1. Effect of two siRNA targeting endogenous MAL mRNA on primary cilium 
formation. (A) The mRNA levels of MAL and E-cadherin were determined at different 
times of cell growth. The histogram shows the levels of mRNA normalized with respect 
to the value obtained on day 7. (B, C) MDCK cells were transfected with a control 
siRNA (siC) or two siRNAs (si1 MAL and si2 MAL) targeted to MAL. After 4 days, 
cell extracts were immunoblotted for MAL and α-tubulin. The levels of MAL are 
indicated at the bottom as the percentage relative to control cells (B). The number of 
cilia was determined after 4 days and represented relative to that in siC-transfected cells 
(C). Data in (A, C) are summarized as the mean ± SEM from three independent 
experiments (***, p<0.001). 
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Figure S2. Serial electron microscopy sections of a primary cilium of control and 
MAL-KD MDCK cells. Longitudinal serial 80-nm thick sections (S1 to S6) of three 
representative primary cilia of control (A1, A2 and A3) and MAL-KD cells (B1, B2 and 
B3). Arrowheads indicate the most remote part of the cilium seen in each section. 
Arrows point to the basal body. Note that primary cilia of MAL-KD cells are shorter 
than those of control cells. Scale bars, 500 nm. 
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The Laurdan molecule (6-lauroyl, 1-2-dimethylaminonaphthalene) is an organic compound 
consisting of a naphtalene head group and an acyl chain of lauric acid, which has a saturated 
12-carbon atom chain (12:0). This acyl chain integrates into biological membranes and, 
depending on the lipid environment, the Laurdan probe fluoresces at different wavelengths, 
allowing membrane compaction to be measured (Gaus et al., 2003). 
 
Figure 6. The Laurdan probe. a) The Laurdan dye penetrates the cell and aligns parallel to the 
phospholipids, undergoing a shift in its peak emission wavelength from 490 nm in fluid membranes 
to 440 nm in ordered membranes. Diagrams courtesy of Dr. Jorge Bernardino. b) A normalized 
ratio of the two emission regions, given by the general polarization (GP) index, which ranges 
between -1 and +1, provides a relative measure of membrane order. In model bilayers, GP values 
greater than 0.25 but smaller than 0.55 correspond to liquid-ordered membranes that are generally 
assumed to be similar to membrane rafts. The GP values are calculated pixel by pixel in the cell 
images using the appropriate software and then the values are plotted in a histogram or used to 
pseudocolor the cells using a color scale to help visualization of the condensation of the membrane 
at different parts of the cell. 
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1. The alternative pathway of primary ciliogenesis 
When renal epithelial cells polarize, the centrosome localizes at the center of their apical 
membrane. Therefore, according to Sorokin’s proposal (Sorokin, 1968), the assembly of the 
primary cilium in these cells takes place entirely at the plasma membrane. The fact that the 
primary cilium of renal tubule epithelial cells lacks a ciliary pocket (Latta et al., 1961) is 
consistent with their function of sensing liquid flow (Praetorius and Spring, 2005) and with 
the use of the alternative pathway to assemble a primary cilium. 
Most of the work on primary cilium biogenesis has focused on cell models that rely on 
the intracellular pathway, even though the primary cilium is also of pivotal importance in 
cells that use the alternative pathway. The importance of cilia in renal epithelial cells is 
exemplified by the ciliary defects that cause kidney cystic diseases, which are the most 
common of the many abnormalities associated with ciliopathies (Zhang et al., 2004a). Renal 
epithelial MDCK cells have been used over the last 40 years as a paradigmatic cell model to 
study polarized membrane trafficking since they are considered to represent bona fide distal 
tubule epithelial cells (Rodriguez-Boulan et al., 2005). Similar to renal tubular epithelial cells, 
MDCK cells polarize the centrosome to the center of the apical membrane and have no 
pocket at the base of the primary cilium (Bernabé-Rubio et al., 2016; Reales et al., 2015; Zuo 
et al., 2009). Consistent with sensing liquid flow, bending of the primary cilium of epithelial 
MDCK cells results in an increase of intracellular Ca2+ (Praetorius and Spring, 2001), whereas 
removal of the cilium inhibits it (Praetorius and Spring, 2003). Unlike RPE-1 cells, which use 
the intracellular route, a large ciliary vesicle is not assembled at the distal part of the mother 
centriole in MDCK cells, although Rab11, Rab8, exocyst subunit Sec8, and BBS1 accumulate 
in the vicinity of the centrosome at the apical plasma membrane (He et al., 2014). The 
absence of such a vesicle is consistent with MDCK cells following a route of ciliogenesis 
different from that of fibroblasts. Given their relevance, MDCK cells have also been adopted 
to study primary cilia and to identify machinery important for its assembly (Babbey et al., 
2010; Corbit et al., 2005; Francis et al., 2011; He et al., 2014; Praetorius et al., 2004; Reales et 
al., 2015; Sfakianos et al., 2007; Torkko et al., 2008; Vieira et al., 2006; Wang et al., 2009; Zuo 
et al., 2011; Zuo et al., 2009) and constitute a suitable cell model to study the alternative 
pathway of primary cilium biogenesis (Bernabé-Rubio et al., 2016). 
Several proteins known to have a role in ciliogenesis, such as Sec10, Cep97 and IFT88, 
are also known to participate in the proper orientation of the mitotic spindle and/or 
cytokinesis, indicating that primary cilium biogenesis, which takes place in quiescent cells, 
and mitosis share protein machinery (Delaval et al., 2011; Gromley et al., 2005; Spektor et 
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al., 2007). In animal cells, cytokinesis begins with the formation of an actomyosin ring at the 
equator of the two spindle poles (Fededa and Gerlich, 2012; Green et al., 2012). Contraction 
of the actomyosin ring leads to the ingression of a cleavage furrow that splits the cytoplasm 
in half. The two halves remain connected by an intercellular bridge containing antiparallel 
microtubule bundles, which, at least in part, arises from compressed mitotic spindle 
microtubules covered by plasma membrane (Green et al., 2012; Mullins and Biesele, 1977). 
The amorphous electron-dense structure situated in the middle of the bridge is referred to 
as the midbody or Flemming body, which is 1.0-1.5-m in size. The physical cleavage of the 
membrane bridge on either side of the midbody by the endosomal sorting complexes 
required for transport (ESCRT) machinery with the help of transport vesicle fusion, 
separates the two daughter cells in a process known as abscission (Green et al., 2012; Mierzwa 
and Gerlich, 2014). Physical separation of the daughter cells requires severing the intercellular 
bridge at a single site. In this case, one of the daughter cells receives the midbody remnant 
(Dionne et al., 2015). The inherited remnant can then be conserved on the cell surface as a 
microtubule-rich membrane protrusion, degraded by autophagy, or released later on if the 
remnant is cleaved on the other side. The intercellular bridge is often severed on both sides 
and the remnant is released. Whether the midbody remnant is released, conserved or 
degraded depends on cell type and status (Kuo et al., 2011; Marzesco et al., 2005; Pohl and 
Jentsch, 2009; Salzmann et al., 2014). Increasingly, studies are revealing non-cytokinetic 
implications for the post-mitotic midbody (Chen et al., 2012; Dionne et al., 2015). It is of 
note that the daughter cell with the older mother centriole tends to inherit the midbody more 
frequently than its sister cell, implying the existence of communication between the 
centrosome and the severing machinery (Ettinger et al., 2011; Kuo et al., 2011). Stem cell-
like and cancer cells often accumulate more than one remnant. Accumulation of remnants is 
associated with increased cell reprogramming efficiency and in vitro tumorigenicity, 
respectively, in these cells (Ettinger et al., 2011; Kuo et al., 2011). The midbody remnant also 
provides polarity cues for the place of the initiation of lumen formation in epithelial MDCK 
cells and for the formation of the first neurite in D. melanogaster neurons and the dorsoventral 
axis during C. elegans development (Li et al., 2014; Pollarolo et al., 2011; Singh and Pohl, 
2014). 
Proteomic analyses have shown that intercellular bridge midbodies (Skop et al., 2004) 
and primary cilia (Ishikawa et al., 2012) have a wide spectrum of shared components (Smith 
et al., 2011). It is of note that Rab11, Rab8, IFT20, IFT88, exocyst complex subunits, 
acetylated microtubules, BBS6, ESCRT components and septins have been identified in both 
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structures (Ott, 2016). Some of the shared proteins (e.g., Rab11, Rab8, the exocyst and 
septins) are known to function in both cytokinesis and primary cilium formation (Fielding et 
al., 2005; Gromley et al., 2005; Hehnly et al., 2012), whereas the function of others had been 
traditionally assigned only to one of the two processes. For instance, IFT20 and IFT88 have 
been found in the intercellular bridge and midbody remnants (Bernabé-Rubio et al., 2016; 
Wood et al., 2012), although the IFT machinery has long been thought to be exclusive to 
cilia. Conversely, the ESCRT machinery, which has a role in severing the intercellular bridge, 
is also present in primary cilia. These observations raise the interesting possibility that a 
considerable part of the machinery is used for both primary cilium formation and cytokinesis. 
The cleavage furrow of MDCK cells and of other polarized epithelial cells initiates 
coincidently at the apical and basal surfaces but, since the rate of furrow ingression is more 
rapid from the basal surface, the intercellular bridge becomes located apically (Morais-de-Sá 
and Sunkel, 2013; Reinsch and Karsenti, 1994) (Fig. 8a). When abscission occurs only on one 
side, this location of the bridge causes the midbody remnant to become positioned at the 
periphery of the apical surface of the cell, close to the tight junction (Fig. 8b). The remnant 
remains physically tethered to the surface of the cell that inherits it by a thin plasma 
membrane stalk that originates from the unresolved side of the bridge. 
After abscission, the midbody remnant can remain tethered to the cell for a long period, 
moving across the cell surface (Bernabé-Rubio et al., 2016; Crowell et al., 2014; Gromley et 
al., 2005). In polarized MDCK cells, the remnant, which carries Rab8, IFT20, IFT88, exocyst 
subunits and, probably, other ciliary machinery, traffics to the central part of the apical 
surface to meet the centrosome (Fig. 8c). Although it is not clear how the remnant reaches 
the center of the apical surface, it is known that its journey is dependent on Rab8 expression. 
The encounter between the midbody remnant and the centrosome is essential for primary 
cilium formation since ciliogenesis is severely impaired in cells whose remnant has been 
removed (Bernabé-Rubio et al., 2016). Ultrastructural analysis of serial sections shows that 
the membrane of the midbody remnant is still connected to the adjacent plasma membrane 
by a membranous stalk. The establishment of a short microtubular connection between the 
midbody remnant and the centrosome has been detected before primary cilium starts 
forming, but the function of such a connection is currently unknown. The physical continuity 
of the remnant membrane and the plasma membrane raises the possibility that the remnant 
could transfer to the centrosome materials required for ciliogenesis (Bernabé-Rubio et al., 
2016). A second possibility for the role of the remnant in ciliogenesis is that, because the 
primary cilium has compact membranes at its base (Vieira et al., 2006) and these specialized 
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membranes are required for cilium formation (Reales et al., 2015), the stalk zone constitutes 
a compact membrane domain used to form the ciliary base. Another possibility is that the 
remnant signals to the basal body to start primary cilium assembly. Further studies are 
required to understand the mechanism by which the midbody remnant licenses the 
centrosome for primary ciliogenesis (Fig. 8d). 
Primary ciliogenesis is regulated by cell confinement in non-polarized cells, as shown by 
RPE-1 cells cultured on adhesive micropatterns, in which high spatial confinement results in 
a greater percentage of ciliated cells (Pitaval et al., 2010). This is also true in epithelial MDCK 
cells, since cell-cell contacts are crucial to ciliogenesis (Bernabé-Rubio et al., 2016). It is of 
note that the area of these cells governs the conservation of the midbody remnant, its 
movement to the center of the apical membrane and the beginning of primary cilium 
assembly. When cells proliferate, the availability of space becomes limited and cells are 
progressively constrained by their neighbors. Under these conditions, cells grow in height 
and reduce their area of attachment to the substrate, and the midbody remnant is conserved. 
Successive cycles of cell division increase the number of cells with a midbody remnant and, 
subsequently, the percentage of ciliated cells (Bernabé-Rubio et al., 2016). As this process 
progresses, compressive stress replaces tensile stress (Bazellières et al., 2015; Trepat et al., 
2009). These gradual changes in stress forces probably trigger the conservation of the 
remnant, its transition to the center of the apical surface to meet the centrosome and the 
beginning of ciliogenesis in polarized epithelial cells.  
Therefore, establishment of cell polarization is required for midbody conservation, and 
subsequent midbody translocation and cilium formation. It would be very interesting to 
address the question of whether the midbody remnant is reciprocally involved in the 
acquisition of cell polarity, although the subcellular distribution of podocalyxin, ZO-1 and 
β-catenin is not affected by remnant removal (Bernabé-Rubio et al., 2016). Intriguingly, the 
midbody colocalizes with apical determinants such as Par3, aPKC and Crb3a, and trafficking 
of Crb3a in Rab11 positive vesicles to the proximities of the midbody is required for initial 
formation of the apical membrane and subsequent lumen formation. Besides, the exocyst 
regulates the tethering of Rab11 positive vesicles to the cleavage furrow in Hela cells (Fielding 
et al., 2005). Whether polarity components localized to the midbody are transported by the 
midbody remnant to be recycled as precursors for cilium formation is a question that will 
need further research.  
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Figure 8. The alternative route. a) In polarized epithelial cells, the intercellular bridge containing 
ciliary proteins forms at the apical cell surface during cytokinesis. b) When abscission occurs, one of 
the two daughter cells inherits the midbody remnant, which localizes apically at the cell periphery, 
near the tight junctions. c) The remnant subsequently moves over the apical surface towards the 
centrosome, which is docked at the center of the apical membrane. d) When the midbody meets the 
centrosome the initiation of primary cilium assembly is facilitated. The entire process of primary 
cilium formation takes place in the plasma membrane. 
 
2.  Ciliary lipids and their role in primary cilium formation 
Organelle identity and function depend not only on a unique protein content, but also 
on a unique lipid composition. In particular, phosphoinositide (PIP) content is crucial for 
dictating organelle identity. PIPs are a type of membrane phospholipid that regulate a wide 
spectrum of physiological processes in various cellular compartments (Balla, 2013), and cilia 
are not exception. Recent studies have demonstrated that PIPs modulate ciliary trafficking 
involved in Hh signaling at the primary cilium (Chávez et al., 2015; Garcia-Gonzalo et al., 
2015). PIPs are produced by phosphorylation of phosphatidylinositol (PtdIns) at the 3, 4, 
and/or 5 positions of the inositol ring. It is of note that whereas PI(4)P distributes along the 
entire ciliary membrane, PI(4,5)P2 localization is restricted to the proximal part of the ciliary 
membrane of renal IMCD3, NIH-3T3 and neural stem cells and MEFs. Inositol 
polyphosphate-5-phosphatase E (Inpp5e) converts ciliary PI(4,5)P2 into PI(4)P. In 
mammalian cells, Inpp5e localizes to the primary cilium. PI(4,5)P2 accumulates on the entire 
ciliary membrane in the absence of Inpp5e and produces retention in the ciliary compartment 
of Tulp3 and Gpr161, which are negative regulators of Hh signaling (Mukhopadhyay et al., 
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2013). Thus, proper Hh signaling requires phosphoinositide homeostasis at the primary 
cilium.      
Additionally, coordination of Iγ (PtdIns(4)P) 5-kinase (PIPKIγ), a PI(4)P kinase, with its 
opposing phosphatase Inpp5e, regulates initiation of ciliogenesis (Xu et al., 2016). PIPKIγ 
localizes to the mother centriole of a wide range of cell lines, such as polarized IMCD3 and 
human renal cortical tubular epithelial cells, as well as in NIH-3T3 fibroblasts and RPE-1 
cells. In non-ciliated cells, Innp5e and its product, PI(4)P, which is the substrate of  PIPKIγ, 
distributes at the mother centriole. When PI(4)P accumulates, it inhibits Ttbk2 recruitment 
to the mother centriole and impairs ciliogenesis, since Cp110 remains at the basal body. For 
primary cilium initiation, Inpp5e relocalizes from the mother centriole to the ciliary 
compartment, enabling PIPKIγ-mediated elimination of its substrate PI(4)P from the basal 
body (Xu et al., 2016). Therefore, regulation of lipid content is necessary for proper ciliary 
function.  
Accumulation of PI(4,5)P2 produced by displacement of Inpp5e from cilia induces 
excision of cilia tips and their release as ectosomes. This process, known as cilia decapitation, 
regulates cilia size, removes unwanted membrane receptors, and precedes cilia reabsorption. 
It has been proposed to constitute a link between the life of cilia and cell-division cycle (Phua 
et al., 2017) (Nager et al., 2017). The importance of Inpp5e in primary cilia is supported by 
the fact that mutations in the human INNP5E gene lead to JBTS ciliopathy (Bielas et al., 
2009; Jacoby et al., 2009).  
The ciliary base also contains a zone of highly condensed membranes whose relevance 
is not known. The sphingolipid ceramide, which is a component of condensed membranes, 
localizes at the ciliary base in a compartment known as the apical ceramide-enriched 
compartment, where it regulates a lipid-protein molecular network that sustains the primary 
cilium (He et al., 2012; Wang et al., 2009). Ceramide binds and activates aPKC, which, in 
turn, colocalizes with Rab11 in the apical ceramide-enriched compartment.   
Disruption of the ceramide-aPKC interaction results in impaired primary cilium 
formation and loss of the association of Rab11 vesicles with Cdc42, exocyst subunit Sec8 
and Rab8 (He et al., 2012). Supporting the important role of ceramide, inhibition of ceramide 
biosynthesis by fumonisin B1 severely impairs primary ciliogenesis in MDCK cells (Wang et 
al., 2009).        
Accordingly, we observed that the MAL protein, which is a component of the machinery 
of apical transport of MDCK cells (Cheong et al., 1999; Puertollano et al., 1999), specifically 
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regulates the condensation of membranes at the ciliary base (Fig. 9) (Reales et al., 2015). In 
the absence of MAL, membrane condensation at the ciliary base decreased, the number of 
primary cilia was greatly diminished, and the remaining cilia were stunted. The alteration of 
membrane condensation at the ciliary base did not disrupt the docking of the centrosome to 
the plasma membrane or the recruitment of ciliary machinery, such as IFT20, IFT88 and 
Rab8, to the ciliary base, or produced missorting of apical membrane proteins to the 
membrane of atrophied remaining cilia. These findings indicate that the unique lipid 
composition at the ciliary base is required for cilium elongation, and that the condensed zone 
of the ciliary base does not appear to function as a general physical barrier to entry of 
membrane proteins into the cilium.  
The observation that apical membrane proteins such as podocalyxin are excluded from 
the patch of compact membranes present at the ciliary base led to the proposal that these 
specialized membranes could function as a fence for diffusion and could thereby contribute 
to the regulation of the protein and lipid composition of the ciliary membrane (Vieira et al., 
2006). However, this proposal has been challenged by the observations that disruption of 
the compact membranes does not allow the entry of podocalyxin into the cilia (Reales et al., 
2015) and that podocalyxin exclusion can be explained only on the basis of its interaction 
with the actin network (Francis et al., 2011). Instead, interaction with the cytoskeleton 
(Francis et al., 2011), or physical barriers based on nucleoporins (Kee et al., 2012), septins 
(Hu et al., 2010) or on a complex that includes proteins disrupted in ciliopathies (Chih et al., 
2011) are involved in regulating the protein composition of the primary cilium, whereas the 
region of condensed membranes may contribute to establishing and/or maintaining unique 
lipid environments for the ciliary and plasma membranes. 
Despite the KD of endogenous MAL was quite effective, there was a great percentage 
of the cell population with a short primary cilium. In this case, the reduction of membrane 
condensation caused by MAL KD was probably lower allowing the formation of primary 
cilia with varying sizes. Therefore, we find it is feasible that there is a threshold of membrane 
condensation at the ciliary base below which the process of ciliogenesis is totally blocked, 
whereas above which it takes place to a varying extent, depending on the degree of 
condensation. This finding together with the fact that the ciliary machinery is properly 
recruited to the cilium in MAL KD cells, indicates that MAL participates in late stages of 
ciliogenesis. In according to this, preliminary data from our laboratory indicate that the KD 
of MAL does not affect the translocation of the midbody remnant from peripheral to central 
positions, which is an early step in the initiation of primary ciliogenesis in MDCK cells 
DISCUSSION 
 
44 
 
(Bernabé-Rubio et al., 2016). Therefore, membrane condensation at the ciliary base would 
not be necessary for the encounter between the midbody remnant and the centrosome to 
occur, although it is required for ciliogenesis (Reales et al., 2015). An important question 
raises with regard to the exact step of ciliogenesis in which MAL is involved, which is 
connected to the formation of such a membrane patch. In which precise moment does MAL 
organize membrane condensation at the ciliary base during ciliogenesis process? Is this 
process connected to the midbody-mediated pathway? Interestingly, lipidomic analysis 
showed that the midbody has a lipid composition different from that of the bulk of cellular 
membranes (Arai et al., 2015), so one intriguing possibility would be that the midbody 
organizes the membrane rafts present at the ciliary base in coordination with MAL.  
 
Figure 9. Membrane condensation at the ciliary base is required for cilium elongation. MAL 
accumulates at the ciliary base, where it regulates primary cilium assembly by packing the lipids 
situated at the base of the cilium. In the absence of MAL, membrane condensation at the ciliary base 
decreases, the number of primary cilia is reduced, and the remaining cilia are shorter. The perturbation 
of membrane condensation at the ciliary base does not affect the docking of the centrosome to the 
plasma membrane or the recruitment of ciliary machinery, such as IFTs, Smo, or Rab8, to the ciliary 
base. 
 
3.  Conclusions and future directions 
Despite Sorokin’s proposal nearly 50 years ago of the existence of two distinct pathways 
for ciliogenesis, most of the work on primary ciliogenesis has focused on cell models that 
rely on the intracellular pathway, even though the primary cilium is also of crucial importance 
in cells that were postulated to use an alternative pathway, as is the case of renal epithelial 
cells. The great efforts made to investigate the intracellular route has driven advances in the 
field, revealing many molecular details of the cellular events and the machinery involved. 
However, there is still a long way to go before the process is fully understood. In polarized 
epithelial cells, primary cilium biogenesis seems to be a sequential process by which the 
establishment of tight cell junctions and subsequent cell polarization modulates the 
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conservation of the midbody remnant, its movement to meet the centrosome, and the 
beginning of primary cilium assembly at the middle of the apical surface. Cell polarization 
and midbody function should be in concert with the formation of the condensed membrane 
patch present at the ciliary base, which is required for cilium assembly, although the 
spatiotemporal coordination of these key events of ciliogenesis are still far from being 
understood.  
The route of primary ciliogenesis regulated by the midbody establishes a new biological 
mechanism that links the three major microtubule-based organelles—the centrosome, the 
cilium and the midbody— in the same process. Since this mechanism is entirely new, it raises 
many interesting questions that, it is to be hoped, will stimulate research on this pathway and 
help us understand the function of the midbody remnant, whose relevance to cellular 
processes other than cytokinesis has only recently begun to be considered.  
One of the most important questions that arises is whether there is a transfer of materials 
from the midbody remnant to the centrosome to feed primary ciliogenesis. If this is the case, 
this material will need to be characterized in order to appreciate how it potentiates the 
centrosome for cilium formation. A very intriguing question that will also require further 
research is whether the midbody participates in the packing of the membrane lipids at the 
ciliary base. A second point is to understand how the midbody remnant moves towards the 
center of the apical surface until it meets the centrosome. How is the remnant propelled? 
How does the remnant “know” where to go and how is it able to arrive at the cell center 
despite the conspicuous presence of microvilli at the apical surface? What causes it to stop? 
Another important matter concerns the possible involvement of the midbody in the 
intracellular pathway. Is the participation of the midbody remnant exclusive to polarized 
epithelial cells or does it also intervene in cells using the intracellular route? In this regard, 
the midbody might also participate, for instance, by providing materials for the formation of 
the ciliary vesicles that surround the intracellular, nascent cilium. The mother centriole 
approaches the intercellular bridge of dividing mouse L929 fibroblasts and HeLa cells 
(Gromley et al., 2005; Jonsdottir et al., 2010; Piel et al., 2001), so it is possible that this contact 
could serve the centriole to obtain materials used subsequently for primary cilium formation. 
Activation of autophagy and initiation of ciliogenesis are simultaneous events in which some 
proteins participate direct or indirectly in both processes (Pampliega et al., 2013; Tang et al., 
2013). For instance, Ofd1, which is a repressor of ciliogenesis, is removed from the centriolar 
satellites by autophagy, enabling primary cilium biogenesis (Tang et al., 2013). It would also 
be fascinating to examine whether there is a transfer of ciliary material to the centrosome 
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during autophagy of the midbody remnant in cells relying on the intracellular pathway and 
in which the remnant is internalized. Finally, it will be interesting to identify the protein 
machinery specific to each of the two pathways of ciliogenesis. Therefore, further research 
is needed to elucidate the cellular and molecular basis that controls the process of primary 
cilium biogenesis in different cell types. 
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1. El remanente del cuerpo medio de las células polarizadas epiteliales MDCK es 
heredado por una de las células hijas posicionándose en la superficie apical 
próximo a las uniones estrechas intercelulares.  
 
2. La maquinaria ciliar, como los complejos IFTs, Rab8, y el complejo exocisto, se 
concentra en el remanente del cuerpo medio.   
 
3. El remanente del cuerpo medio viaja sobre la superficie apical desde una posición 
periférica hasta una posición central reuniéndose con el centrosoma en un proceso 
dependiente de Rab8. 
 
4. El encuentro entre el remanente del cuerpo medio y el centrosoma facilita la 
formación del cilio primario. 
 
5. El área celular regula el movimiento del cuerpo medio y la ciliogénesis primaria 
a nivel de una sola célula. 
 
6. MAL se induce con la confluencia celular, se acumula en la base del cilio primario 
y es necesaria para la correcta elongación del mismo en células MDCK. 
 
7. MAL regula específicamente la condensación de membranas en la base ciliar.  
 
8. La ausencia de condensación de membranas en la base del cilio no afecta al 
anclaje del centriolo materno a la membrana plasmática, a la barrera de difusión, 
o al reclutamiento de maquinaria ciliar como los complejos IFTs, Rab8, o 
Smoothened. 
 
9. La elongación eficiente del cilio primario requiere una condensación correcta de 
las membranas situadas en la base ciliar.  
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1. The midbody remnant of polarized renal epithelial MDCK cells is inherited by one 
of the daughter cells and becomes located at the apical surface close to the tight 
junctions between cells. 
 
2. Ciliary machinery, such as IFTs, Rab8, and the exocyst complex, concentrates at 
the midbody remnant. 
 
3. The midbody remnant traffics along the apical cell surface from a peripheral to a 
central position in a Rab8-dependent manner to meet the centrosome. 
 
4. The encounter between the midbody remnant and the centrosome enables the 
centrosome for primary cilium formation. 
 
5. Midbody remnant movement and primary ciliogenesis are modulated by cell area 
constraints at the single-cell level. 
 
6. MAL is induced by cell confluence, accumulates at the base of the cilium, and is 
necessary for proper cilium elongation in MDCK cells.  
 
7. MAL specifically regulates the membrane condensation at the ciliary base. 
 
8. The loss of membrane condensation at the ciliary base does not affect the docking 
of the mother centriole to the plasma membrane, ciliary barrier function, or the 
recruitment of ciliary machinery such as IFTs, Rab8, or Smoothened. 
 
9. Efficient primary cilium elongation requires proper condensation of membranes at 
the ciliary base. 
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